





a ELECTRONIC 





Electron Paths in a Reflex Klystron 











ELECTRONIC 
PROGRESS 


Volume Ill July-August 1958 Number 1 





Ivan A. Getting Executive Editor 


James Sterling Managing Editor 
Marcia Keilson Editor 


Elmer J. Reese Art Editor 


ASSOCIATE EDITORS 


Nazzareno P.. Cedrone 
Maynard Laboratory 


Lawrence L. Clampitt 
Microwave and Power Tube Division 


Stanley D. Crane 
Santa Barbara Laboratory 


Richard P. Curtis 
Commercial Equipment Division 


Warren T. Eriksen 
Research Division 


John H. Shea 
Semiconductor Division 


Herbert N. Washburn 
Missile Systems Division 


William A. Whitcraft, Jr. 
Wayland Laboratory 


Robert D. Wilson 
Industrial Tube Division 


Copyright 1958 
Raytheon Manufacluring Company 
Waltham 54, Mass. 


THE COVER 





Arrows are used to indicate electron paths in 
this schematic representation of a reflex klystron 
oscillator. This type of tube, produced in large 
quantities by Raytheon, is used extensively in 
microwave radar and communication systems. 
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It has been said that the magnetron, the ‘‘heart’’ of 
radar transmitting equipment, can be called a decisive 
factor in American victory in World War II. Were 
it not for the klystron in radar receivers, however, 
radar itself would have been far less useful. Raytheon, 
in particular, need not debate the issue as to which 
of these vital microwave tubes proved the more im- 
portant since we were the main source of both kly- 
strons and magnetrons throughout World War II. 
Our entry into and success in this field resulted, for 
the most part, from the close co-operation with the 
Radiation Laboratory of M. I. T. and with the Bell 
Telephone Laboratory, whose early work at microwave 
frequencies had led to practical reflex-klystron de- 
signs. Throughout the war period and in the sub- 
sequent years, as the use of microwave energy has 
spread, the backlog of our acquired experience has 
led to improved refiex-klystron performance and to 
the creation of new tube types specifically suited for 
new applications. 

In the late thirties, when advances in high-frequency 
radio techniques had led to the development of op- 
erable radar search and fire-control systems, it became 
apparent that tremendous improvement in target res- 
olution and freedom from interference could be ob- 
tained by using the still higher frequency radiations 
of the microwave region. Due to the imminence of 
hostilities, great effort was made to develop the newly 
devised multicavity magnetron and the klystron as 
practical sources of such microwave energy. The 










high power for the radar transmitter was best achieved 
by the compact, high efficiency magnetron. The radar 
receiver, however, required a low power microwave 
local oscillator with suitable tuning characteristics. 
The reflex klystron met this tuning requirement in 
two ways. Gross tuning was accomplished by the 
single adjustment required to tune the single resonat- 
ing cavity. In addition, the optimum design for a 
radar receiver dictated that, as with a radio receiver, 
an intermediate frequency (if) amplifier be used. This 
resulted from the high transmitted (and received) 
frequency which made it impractical to design am- 
plifiers to operate in this region. This if amplifier is 
fixed-tuned to a convenient frequency such as 30 Me 
or 60 Me. To convert the received microwave fre- 
quencies to the intermediate frequency it is necessary 
to have a local oscillator source with a frequency which 
must be readily controllable such that the difference 
frequency, between the radar and the local oscillator 
is exactly the intermediate frequency desired. 
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Figure 1. Type 707 (McNally Tube). Section showing basic 
elements of reflex klystron oscillator and external, induc- 
tively tuned resonator. 


Moreover, minor deviations which occur in the 
microwave transmitter frequency due to supply vol- 
tage variations, changes in ambient temperature, ac- 
celeration, altitude, etc. must be compensated for 
precisely and rapidly by adjustment of this local 
oscillator in the receiver. Thus, to make a magnetron- 
radar transmitter really practical, it is necessary to 
provide automatic frequency control at the receiver 
such that the local oscillator tracks the transmitted 
frequency at all times. Fortunately, the reflex-klys- 
tron has, by design, an electrical tuning character- 
istic, controlled by the reflector potential, which is 
suitable for such tuning with extreme rapidity and 
over frequency ranges of tens of megacycles. Further- 
more, since the frequency-controlling element, the klys- 
tron reflector, requires no appreciable power, it has 
proven quite simple to supply an automatic frequency 
control signal which will force the klystron frequency 
to track the transmitter. 

The inherent value of reflex-klystron to radar is, 
therefore, its suitability to the requirements on radar- 
receiver local oscillators. 

The first of the reflex tubes to be made by Raytheon 
was the type 707A (McNally tube) shown in Figure 
1. This tube, operating in ‘‘S’’ band (around 3000 
Mc) embodies in rather simple form the basic elements 
of all reflex klystrons. There is an electrical, insulated 
resistance wire heater (a) to heat a metal cathode 
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cylinder (b) whose upper disc-like surface is coated 
with a material which freely emits electrons. A heat 
shield (c) conserves the heat supplied to the cathode, 
and, since it is at the same electrical potential as the 
cathode, its upper end serves as a focusing electrode to 
confine the flow of electrons from the cathode dise into 
a cylindrical beam. An accelerating grid (d) above 
the cathode and at a positive potential with respect 
to it accelerates the electrons in the beam, these elec- 
rons now pass through this grid and continue to 
travel on through the grids (e) and (f) in the res- 
onator (g) walls. A reflector (h) beyond the resonator 
is held at a potential negative with respect to the 
cathode and serves to repel the electrons in the beam 
so that they reverse their direction of travel and return 
for a second transit across the gap between the 
resonator grids. 

The existence of potential variations across this gap 
will correspondingly accelerate or retard electrons 
from the cathode on their initial crossing, thus, dur- 
ing the time of ‘travel into and out of the reflector 
region, slowed electrons will be overtaken by those 
which were speeded up so that the energy in the 
electron beam returns through the gap in bunches or 
pulses rather than in the smooth flow of its original 
transit. If the time or phase of the returning bunches 
is adjusted by proper choice of the reflecting potential, 
the pulses of energy wili drive the resonant cavity at 























its resonant frequency and a condition of oscillation 
will exist. A portion of the energy of oscillation may 
be removed through a coupling loop or iris to do 
external work. If the arrival time of the bunches is 
advanced by increasing the negative potential on the 
reflector, the frequency of oscillation will be increased 
above resonance (at the expense of available power). 
A corresponding decrease in frequency will occur for 
a reduction in reflector potential. 

The type 707A tube used a clamp-on type of cavity 
made in two half sections which are pushed together 
and fastened around the tube. Around the periphery 
of the cavity are located screws extending inward 
toward the tube. The more the electrically conducting 
surfaces of these screws intercept the magnetic flux 
in the resonator, the less inductive reactance there will 
be in the cireuit ; hence the cavity resonant-frequency 
may be changed by screw adjustment to cover a fre- 
queney range of 2000-4000 Me. 

An important factor in the suitability of the 707A 
for its applicaton as a local oscillator is its structural 
simplicity: a glass envelope, two copper disc seals 
and conventional radio tube stem seals for the heater- 
cathode structure and the reflector. Another factor, 
and one which applies to the majority of local oscil- 
lator applications, is the design of the electron gun, 
beam shape, ete., which is suitable for operation at 
conventional receiving tube power supply voltages 
(200 to 300 volts). 

From the illustration (Figure 1) it can be seen that 
the distance across the resonator gap is small. (It is 
necessarily so for good operation at 300 volts.) En- 
vironmental temperature changes cause changes in 
the size of the tube parts and changes in their positions 
relative to each other. The major portion of the 
capacitive reactance which determines the frequency 
of the resonator is concentrated at the narrow res- 
onator gap, and so a change in spacing of one ten- 
thousandth of an inch (0.0001) at the gap changes 
the operating frequency by several megacycles. To 
contribute to improved radar performance by increas- 
ing the stability of the receiver frequency, a tempera- 
ture compensating bi-metallic member was. designed 
into the structure. This modified tube is designated 
type 707B. 

As radar equipment became available for use in 
other than land or major sea based equipment, space 
requirements became a prime consideration. Improved 
assembly and processing techniques allowed a closer 
spacing between the sensitive areas in the tube struc- 
ture and the areas where flame heated glass seals could 
be made. This permitted the development of the type 
2K28 which was shorter by about 20% than the 707B. 

Although the mechanical design of the 707 was good 
from a manufacturing point of view (and this was very 
important where large quantities of equipment were 





urgently needed by our armed forces), still a disc-seal 
glass structure is rather delicate to handle in the field. 
For that reason an inexpensive cavity was desigred 
to be attached permanently to the tube during manu- 
facture. There have been some eight versions of this 
tube, covering bands roughly 350 Me wide in the 
range from 1500 to 4800 Me. The type 6043 is rep- 
resentative. 

The type 723 (Shepard-Pierce tube) was put into 
production at Raytheon in 1943. This was an ‘‘X’’ 
band tube (around 9300 Mc) and the smaller size of 
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Figure 2. Type 723 (Shepard-Pierce Tube). Metal shell 
with integral resonator structure, capacitively tuned by 
moving grid in flexible cavity wall. 

the resonant cavity did not lend itself to ready manu- 
facture in a glass structure like that of the 707B. 
Further, the rf losses in the glass at the higher fre- 
queney would be excessive. A metal envelope was 
therefore used for this tube as shown in Figure 2, 
using glass bead insulating seals for the electrode lead- 
ins. The resonant cavity is completely inside the metal 
envelope, the bottom half being formed as a depression 
in the top of the lower metal ‘‘bulb,’’ and the upper 
half consisting of the lower flange of the upper ‘‘bulb’’ 
and an inner continuation of this flange to carry the 
second grid of the resonator. This flange and the 
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Figure 1. Type 707 (McNally Tube). Section showing basic 
elements of reflex klystron oscillator and external, induc- 
tively tuned resonator. 


Moreover, minor deviations which occur in the 
microwave transmitter frequency due to supply vol- 
tage variations, changes in ambient temperature, ac- 
celeration, altitude, ete. must be compensated for 
precisely and rapidly by adjustment of this local 
oscillator in the receiver. Thus, to make a magnetron- 
radar transmitter really practical, it is necessary to 
provide automatie frequency control at the receiver 
such that the local oscillator tracks the transmitted 
frequency at all times. Fortunately, the reflex-klys- 
tron has, by design, an electrical tuning character- 
istie, controlled by the reflector potential, which is 
suitable for such tuning with extreme rapidity and 
over frequency ranges of tens of megacycles. Further- 
more, since the frequeney-controlling element, the klys- 
tron reflector, requires no appreciable power, it has 
proven quite simple to supply an automatic frequency 
control signal which will foree the klystron frequency 
to track the transmitter. 

The inherent value of reflex-klystron to radar is, 
therefore, its suitability to the requirements on radar- 
receiver local oscillators. 

The first of the reflex tubes to be made by Raytheon 
was the type 707A (MeNally tube) shown in Figure 
1. This tube, operating in ‘‘S’’ band (around 3000 
Mc) embodies in rather simple form the basic elements 
of all reflex klystrons. There is an electrical, insulated 
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eylinder (b) whose upper dise-like surface is coated 
with a material which freely emits electrons. A heat 
shield (c) conserves the heat supplied to the cathode, 
and, since it is at the same electrical potential as the 
cathode, its upper end serves as a focusing electrode to 
confine the flow of electrons from the cathode dise into 
a eylindrical beam. An accelerating grid (d) above 
the cathode and at a positive potential with respect 
to it aecelerates the electrons in the beam, these elee- 
rons now pass through this grid and continue to 
travel on through the grids (e) and (f) in the res- 
onator (g) walls. A reflector (h) beyond the resonator 
is held at a potential negative with respect to the 
cathode and serves to repel the electrons in the beam 
so that they reverse their direction of travel and return 
for a second transit across the gap between the 
resonator grids. 

The existence of potential variations across this gap 
will correspondingly accelerate or retard electrons 
from the cathode on their initial crossing, thus, dur- 
ing the time of ‘travel into and out of the reflector 
region, slowed electrons will be overtaken by those 
which were speeded up so that the energy in the 
electron beam returns through the gap in bunches or 
pulses rather than in the smooth flow of its original 
transit. If the time or phase of the returning bunches 
is adjusted by proper choice of the reflecting potential, 
the pulses of energy wili drive the resonant cavity at 


its resonant frequeney and a condition of oscillation 
will exist. A portion of the energy of oscillation may 
be removed through a coupling loop or iris to do 
external work. If the arrival time of the bunches is 
advaneed by increasing the negative potential on the 
reflector, the frequency of oscillation will be increased 
above resonance (at the expense of available power). 
A eorresponding decrease in frequency will oecur for 
a reduction in reflector potential. 

The type 707A tube used a clamp-on type of cavity 
made in two half seetions which are pushed together 
and fastened around the tube. Around the periphery 
of the cavity are located screws extending inward 
toward the tube. The more the electrically conducting 
surfaces of these screws intercept the magnetie flux 
in the resonator, the less inductive reaetanee there will 
be in the cireuit ; hence the cavity resonant-frequency 
may be changed by screw adjustment to cover a fre- 
queney range of 2000-4000 Me. 

An important factor in the suitability of the 707A 
for its applicaton as a local oscillator is its structural 
simplicity: a glass envelope, two copper disc seals 
and conventional radio tube stem seals for the heater- 
cathode structure and the reflector. Another factor, 
and one which applies to the majority of local oscil- 
lator applications, is the design of the electron gun, 
beam shape, ete., which is suitable for operation at 
conventional receiving tube power supply voltages 
(200 to 300 volts). 

From the illustration (Figure 1) it ean be seen that 
the distance across the resonator gap is small. (It is 
necessarily so for good operation at 300 volts.) En- 
vironmental temperature changes cause changes in 
the size of the tube parts and changes in their positions 
relative to each other. The major portion of the 
capacitive reactance which determines the frequency 
of the resonator is concentrated at the narrow res- 
onator gap, and so a change in spacing of one ten- 
thousandth of an inch (0.0001) at the gap changes 
the operating frequency by several megacycles. To 
contribute to improved radar performance by inecreas- 
ing the stability of the receiver frequency, a tempera- 
ture compensating bi-metallic member was. designed 
into the structure. This modified tube is designated 
type 707B. 

As radar equipment became available for use in 
other than land or major sea based equipment, space 
requirements became a prime consideration. Improved 
assembly and processing techniques allowed a closer 
spacing between the sensitive areas in the tube strue- 
ture and the areas where flame heated glass seals could 
be made. This permitted the development of the type 
21KK28 which was shorter by about 20% than the 707B. 

Although the mechanieal design of the 707 was good 
from a manufacturing point of view (and this was very 
important where large quantities of equipment were 


urgently needed by our armed forces), still a dise-seal 
glass structure is rather delicate to handle in the field. 
For that reason an inexpensive cavity was designed 
to be attached permanently to the tube during manu- 
facture. There have been some eight versions of this 
tube, covering bands roughly 350 Me wide in the 
range from 1500 to 4800 Me. The type 6043 is rep- 
resentative. 

The type 723 (Shepard-Pierce tube) was put into 
production at Raytheon in 1943. This was an ‘‘X’’ 
band tube (around 9300 Me) and the smaller size of 
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Figure 2. Type 723 (Shepard-Pierce Tube). Metal shell 
with integral resonator structure, capacitively tuned by 
moving grid in flexible cavity wall. 

the resonant cavity did not lend itself to ready manu- 
facture in a glass structure like that of the 707B. 
Further, the rf losses in the glass at the higher fre- 
quency would be excessive. A metal envelope was 
therefore used for this tube as shown in Figure 2, 
using @lass bead insulating seals for the electrode lead- 
ins. The resonant cavity is completely inside the metal 
envelope, the bottom half being formed as a depression 
in the top of the lower metal ‘‘bulb,’’ and the upper 
half consisting of the lower flange of the upper ‘‘bulb”’ 
and an inner continuation of this flange to carry the 
second grid of the resonator. This flange and the 








shoulder of the lower ‘‘bulb’’ are joined in a metal- 
to-metal vacuum tight seal forming the complete cay- 
itv. Rf energy is coupled out by means of a loop 
formed at the end of a small coaxial line which leads 
from the cavity through a glass bead seal at the 
header to an external line terminating in a quarter 
wave length antenna. A regular octal tube socket, 
having one contact drilled out to pass the output line, 
is mounted over a section of 15” x 1% waveguide so 
that the antenna, projecting in through a correspond- 
ing hole in the waveguide, will radiate energy into 
the waveguide circuit. 

Secause the sealed-on flange of the upper ‘‘bulb”’ 
constitutes a flexible diaphragm, the two resonator 
grids can be moved a small distance with respect to 
each other by distorting this diaphragm. The capac- 
itanee across the resonator grid gap varies consider- 
ably with the change in spacing, making possible 
capacitive tuning of the resonant frequency. Precise 
control of the minute motion necessary to accomplish 
this tuning (five millionths of an inch per megacycle) 
is given by a serew controlled strut linkage between 
the top and bottom sections. The previously noted re- 
quirement for frequency stability with temperature 
change is met by careful choice of thermal expansion 
coefficients obtainable in the metals used in the tuning 
strut structure. 

The packaging of this tube in its small metal en- 
velope with the integral resonator complied well with 
the minimum space requirements that accompanied 
wider use of radar. Its light weight and reduced fra- 
gility were well suited to the local oscillator applica- 
tion, especially as the small size of ‘‘X’’ band com- 
ponents made airborne radar practical for the first 
time in fighter aircraft. 

The manufacturability of this tube with its self- 
jigging, stamped and drawn metal part construction 
was excellent and in response to the requirements of 
the Armed Forces, Raytheon was able to produce these 
tubes at the rate of a thousand a day. 

Continuing radar requirements for higher sensi- 
tivity in the receiver, and greater tuning adjustment 
range to avoid mutual interference or enemy ‘‘ jam- 
ming,’’ required higher power and wider tuning 
range. With increasingly good control of assembly 
and processing techniques and with minor variations 
in parts dimensioning, the tube design progressed 
toward its goals. The tube became successively the 
type 723A/B, and then the 2K25, as the requirements 
of the specification were increased. The package, how- 
ever, remained unchanged. 

The success of the basic 2K25 package led to its 
adoption at other frequencies. Thirteen other types, 
basically of this design, have been manufactured by 
Raytheon covering various frequency bands in a range 
from 1050 to 10,350 Me and operating at resonator 
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Figure 3. Type 2K33 (Oxford Tube). “K” band oscillator, 
operating at 1800 volts. 


voltages between 225 and 300 volts. 

The extension of the range of the integral cavity 
tube into the ‘‘L’’ band region (about 1200 Me) re- 
quired a greater tuning motion through the diaphragm 
than could be obtained with the strut construction of 
the 2K25. The tube type 5650, produced for these low 
frequencies, had the larger diameter of the bottom 
part of the tube envelope entended above the reflector 
region to support a tuning serew on the central axis 
of the tube. The motion obtained by rotation of this 
serew was transmitted through a vacuum sealed bel- 
lows to strut linkages connected to a larger, more 
flexible diaphragm within the tube. The latest design 
of this type of tube is the type 5981 which covers a 
somewhat greater frequency range than the original 
5650. 

The importance of higher frequencies for improving 
target resolution and for reducing the size of effective 
antenna equipment for airborne service has been 
pointed out previously. When the manufacture in 
quantity of ‘‘S’’ band tubes has been established, the 
effort turned to ‘‘K’’ band (around 24,000 Me) and 
Raytheon undertook in 1943 to adapt for quantity 


production a tube developed in England with Radia- 
tion Laboratory cooperation, the so-called ‘‘Oxford’’ 
tube. 

The major problem to solve in the design of tubes 
in this frequeney range was posed by the excessive 
transmission losses in the dielectric media and rf con- 
ducting lines suitable for vacuum tube use. In this 
particular design, which became Raytheon’s type 2K33 
(see Figure 3), the small, high impedance resonator 
is completely contained within the ecopper-dise-sealed 
glass envelope. The output coupling from the res- 
onator to a low impedance outer cavity is accomplished 
through a radial slot, the length of which, from inner 
radius at the resonator to outer radius where it enters 
the outer cavity, is approximately a quarter wave- 
length. Thus it forms a quarter-wave transformer 
coupling between the high impedance of the resonator 
and the low impedance of the outer cavity. The glass 
of the envelope which seals the outer cavity is in a 
much reduced electric field in this low impedance area 
and energy losses are correspondingly reduced. The 
conducting wall of the outer cavity clamps on, rather 
like the eavity for the 2K28. Its two halves each 
have an output connection into the waveguide, one 
containing a tuning plunger for adjusting the fre- 
queney and phase relationships in the outer cavity, 





Figure 4. Type 6116. Rugged, thermally tuned “X” band 
tube. 


and the other conducting the rf energy out of the tube. 
The tuning of the resonator is accomplished capaci- 
tively by flexing the upper copper dise to vary the 
spacing across the gap. This type of tube operates at 
1800 volts. 

With the background of experience gained in en- 
gineering and manufacture of the type 2K33, similar 
tubes have been designed and produced covering a very 
wide range of frequency. Of these, two in the 33 to 
36 kMe region are used as radar tubes and several 
others have contributed in research on higher fre- 
quency radar systems. 

The increasing importance of wide frequeney range 
and fast tunability as the use of radar increased dur- 
ing the war had led to the development of the me- 
chanically-tunable magnetron. The ‘‘lock-on’’ fune- 
tion of the automatic frequency control circuit, which 
holds the loeal oscillator frequency at a precise dif- 
ference from the transmitter frequency, was required 
to operate over a greater frequency range than re- 
flector-voltage tuning could cover. Of course, servo 
motor driven control cireuits were devised to turn 
the tuning screw of the Shepard-Pierce type of tube, 
but these systems were bulky and the tuning dia- 
phragm of the tube had not been designed to withstand 
the great numbers of flexing cycles required. 

A tube type 2K45 was designed at Bell Telephone 
Laboratories which allowed electrteal control of the 
resonant frequency over the ‘‘X’’ band range of 8500 
to 9660 Me. Tuning is accomplished in this tube by 
grid control of the plate current of a triode tuning 
unit. The anode structure of the triode tuner is a strut 
in the tuner mechanism of the tube. As the power dis- 
sipated in the anode is increased or decreased by con- 
trol grid action, its thermal expansion, amplified by 
a leverage system, moves the upper cavity wall dia- 
phragm over a sufficient distance to capacitively tune 
the reflex oscillator over its frequeney range. 

The electron beam, cavity, reflector, and output 
coupling are similar to those of the Shepard-Pierce 
tubes except that the accelerator grid is replaced by 
an anode cylinder, axial with respect to the beam, 
and the cathode is concave in shape so that the elec- 
trons accelerated by the anode are sharply focused 
inward toward the center of the cylinder. The per- 
centage of electrons in the beam which impinge on 
the walls of the anode cylinder is thereby made con- 
siderably less than that which is intercepted by the 
wire mesh of an accelerator grid. As a result the 
beam formed by a given electron current flow has 
more available energy for rf action. The use of this 
electron gun structure of concave cathode and anode 
eylinder, the basic ‘‘Pierce’’ gun, gives the 2K45 
somewhat greater power output than the 2K25 al- 
though the operating voltages are the same. In the 





shoulder of the lower ‘‘bulb’’ are joined in a metal- 
to-metal vacuum tight seal forming the complete cav- 
ity. Rf energy is coypled out by means of a loop 
formed at the end of a small coaxial line which leads 
from the cavity through a glass bead seal at the 
header to an external line terminating in a quarter 
wave length antenna. A regular octal tube socket, 
having one contact drilled out to pass the output line, 
is mounted over a section of 14” x 1” waveguide so 
that the antenna, projecting in through a correspond- 
ing hole in the waveguide, will radiate energy into 
the waveguide circuit. 

Because the sealed-on flange of the upper ‘‘bulb’’ 
constitutes a flexible diaphragm, the two resonator 
grids can be moved a small distance with respect to 
each other by distorting this diaphragm. The capac- 
itance across the resonator grid gap varies consider- 
ably with the change in spacing, making possible 
capacitive tuning of the resonant frequency. Precise 
control of the minute motion necessary to accomplish 
this tuning (five millionths of an inch per megacycle) 
is given by a screw controlled strut linkage between 
the top and bottom sections. The previously noted re- 
quirement for frequency stability with temperature 
change is met by careful choice of thermal expansion 
coefficients obtainable in the metals used in the tuning 
strut structure. 

The packaging of this tube in its small metal en- 
velope with the integral resonator complied well with 
the minimum space requirements that accompanied 
wider use of radar. Its light weight and reduced fra- 
gility were well suited to the local oscillator applica- 
tion, especially as the small size of ‘‘X’’ band com- 
ponents made airborne radar practical for the first 
time in fighter aircraft. 

The manufacturability of this tube with its self- 
jigging, stamped and drawn metal part construction 
was excellent and in response to the requirements of 
the Armed Forces, Raytheon was able to produce these 
tubes at the rate of a thousand a day. 

Continuing radar requirements for higher sensi- 
tivity in the receiver, and greater tuning adjustment 
range to avoid mutual interference or enemy ‘‘jam- 
ming,’’ required higher power and wider tuning 
range. With increasingly good control of assembly 
and processing techniques and with minor variations 
in parts dimensioning, the tube design progressed 
toward its goals. The tube became successively the 
type 723A/B, and then the 2K25, as the requirements 
of the specification were increased. The package, how- 
ever, remained unchanged. 

The success of the basic 2K25 package led to its 
adoption at other frequencies. Thirteen other types, 
basically of this design, have been manufactured by 
Raytheon covering various frequency bands in a range 
from 1050 to 10,350 Me and operating at resonator 






































Figure 3. Type 2K33 (Oxford Tube). “K” band oscillator, 
operating at 1800 volts. 


voltages between 225 and 300 volts. 

The extension of the range of the integral cavity 
tube into the ‘‘L’’ band region (about 1200 Mc) re- 
quired a greater tuning motion through the diaphragm 
than could be obtained with the strut construction of 
the 2K25. The tube type 5650, produced for these low 
frequencies, had the larger diameter of the bottom 
part of the tube envelope entended above the reflector 
region to support a tuning screw on the central axis 
of the tube. The motion obtained by rotation of this 
serew was transmitted through a vacuum sealed bel- 
lows to strut linkages connected to a larger, more 
flexible diaphragm within the tube. The latest design 
of this type of tube is the type 5981 which covers a 
somewhat greater frequency range than the original 
5650. 

The importance of higher frequencies for improving 
target resolution and for reducing the size of effective 
antenna equipment for airborne service has been 
pointed out previously. When the manufacture in 
quantity of ‘‘S’’ band tubes has been established, the 
effort turned to ‘‘K’’ band (around 24,000 Mc) and 
Raytheon undertook in 1943 to adapt for quantity 














production a tube developed in England with Radia- 
tion Laboratory cooperation, the so-called ‘‘Oxford’’ 
tube. 

The major problem to solve in the design of tubes 
in this frequency range was posed by the excessive 
transmission losses in the dielectric media and rf con- 
ducting lines suitable for vacuum tube use. In this 
particular design, which became Raytheon’s type 2K33 
(see Figure 3), the small, high impedance resonator 
is completely contained within the copper-disc-sealed 
glass envelope. The output coupling from the res- 
onator to a low impedance outer cavity is accomplished 
through a radial slot, the length of which, from inner 
radius at the resonator to outer radius where it enters 
the outer cavity, is approximately a quarter wave- 
length. Thus it forms a quarter-wave transformer 
coupling between the high impedance of the resonator 
and the low impedance of the outer cavity. The glass 
of the envelope which seals the outer cavity is in a 
much redueed electric field in this low impedance area 
and energy losses are correspondingly reduced. The 
conducting wall of the outer cavity clamps on, rather 
like the cavity for the 2K28. Its two halves each 
have an output connection into the waveguide, one 
containing a tuning plunger for adjusting the fre- 
queney and phase relationships in the outer cavity, 





— 4. Type 6116. Rugged, thermally tuned “X” band 
tube. 








and the other conducting the rf energy: out of the tube. 
The tuning of the resonator is accomplished capaci- 

tively by flexing the upper copper dise to vary the 

spacing across the gap. This type of tube operates at 

1800 volts. 

With the background of experience gained in en- 
gineering and manufacture of the type 2K33, similar 
tubes have been designed and produced covering a very 
wide range of frequency. Of these, two in the 33 to 
36 kMe region are used as radar tubes and several 
others have contributed in research on higher fre- 
quency radar systems. 

The increasing importance of wide frequency range 
and fast tunability as the use of radar increased dur- 
ing the war had led to the development of the me- 
chanically-tunable magnetron. The ‘‘lock-on’’ fune- 
tion of the automatic frequency control circuit, which 
holds the local oscillator frequency at a precise dif- 
ference from the transmitter frequency, was required 
to operate over a greater frequency range than re- 
flector-voltage tuning could cover. Of course, servo 
motor driven control circuits were devised to turn 
the tuning screw of the Shepard-Pierce type of tube, 
but these systems were bulky and the tuning dia- 
phragm of the tube had not been designed to withstand 
the great numbers of flexing cycles required. 

A tube type 2K45 was designed at Bell Telephone 
Laboratories which allowed electrical control of the 
resonant frequency over the ‘‘X’’ band range of 8500 
to 9660 Me. Tuning is accomplished in this tube by 
grid control of the plate current of a triode tuning 
unit. The anode structure of the triode tuner is a strut 
in the tuner mechanism of the tube. As the power dis- 
sipated in the anode is increased or decreased by con- 
trol grid action, its thermal expansion, amplified by 
a leverage system, moves the upper cavity wall dia- 
phragm over a sufficient distance to capacitively tune 
the reflex oscillator over its frequency range.- 

The electron beam, cavity, reflector, and output 
coupling are similar to those of the Shepard-Pierce 
tubes except that the accelerator grid is replaced by 
an anode cylinder, axial with respect to the beam, 
and the cathode is concave in shape so that the elec- 
trons accelerated by the anode are sharply focused 
inward toward the center of the cylinder. The per- 
centage of electrons in the beam which impinge on 
the walls of the anode cylinder is thereby made con- 
siderably less than that which is intercepted by the 
wire mesh of an accelerator grid. As a result the 
beam formed by a given electron current flow has 
more available energy for rf action. The use of this 
electron gun structure of concave cathode and anode 
cylinder, the basic ‘‘Pierce’’ gun, gives the 2K45 
somewhat greater power output than the 2K25 al- 
though the operating voltages are the same. In the 














Figure 5. Type 6178. “KU” band tube in metal envelope, 
operating at 300 volts. 


radar system, the automatic-frequency-control signal 
applied to the grid of the thermal tuning unit must 
lock the local oscillator in step with the transmitter 
signal. The requirement of fast, short range frequency 
changes is met by applying a portion of the control 
signal to the reflector. 

It is an unfortunate corollary that this tube relies 
on the use of a weak tuning diaphragm which can be 
moved by a few thousandths of an inch thermal ex- 
pansion of the triode anode. Moreover, this weak dia- 
phragm is coupled with the mass of the connecting 
linkages. This combination of weak diaphragm and 
large mass obviously makes the tube extremely sus- 
ceptible to frequency instability when subjected to 
vibration or shock. The resonant frequency of the 
tube is shifted, or modulated, beyond the control of 
the automatic frequency regulating circuit when any 
considerable vibration occurs. To overcome this draw- 
back, Raytheon developed its own thermal tuning 
system in which the upper cavity wall is itself the 
anode of the thermal control unit. Here there are no 
levers required to amplify the motion resulting from 
thermal expansion and the cavity wall anode is 
structurally rigid due to its self-supporting conical 
shape. High frequency vibration is damped out by 
attaching a dise of low loss glass-wool to the moveable 





cavity wall. This design gives a frequency stability 
while under vibration that is a fifty-fold improvement 
over the 2K45. Additionally, this tube can be tuned 
through the operating range in about one third the 
time. This rugged thermal tuning design is typified 
by the Raytheon developed type 6116 (see Figure 4), 
and it is manufactured in seven other types having 
minor electrical differences or operating in other fre- 
quency bands in the range from 5100 to 10,000 Me. 
Some sample tubes of a developmental type (QK613) 
have been produced which combine this thermal tun- 
ing system with a somewhat smaller, more rugged 
oscillator section, having a waveguide output con- 
nection. 

As the variety of systems and applications increased, 
the extension of radar frequency coverage brought on 
activity in the ‘‘KU’’ band (around 16 kMc). Ray- 
theon had made Oxford-type tubes in this region since 
1946; however, because of their high operating volt- 
age (1500 volts), they were not as suitable for radar 
receiver application as tubes which would operate at 
voltages around 300 volts. In 1949 a tube type QK297 
was developed at Raytheon which became the present 
type 6178. The long experience wth ‘‘K’’ band and 
‘“*KU”’ band work on the Oxford-type tubes was a 
good background for this project. Precision manufac- 
ture of the tiny parts required at these high fre- 
quencies made the fabrication of a higher perveance 
electron gun possible; it also became possible to op- 
erate into a lower impedance resonator. The rf energy 
is coupled out through a tapered waveguide which is 
large enough at the output end so that a low loss 
vacuum sealed glass window can be applied. The 
remainder of the vacuum envelope is of typical metal 
tube construction and the capacitive tuning is ac- 
complished through a flexible diaphragm on the side 
of the tube. (See Figure 5.) Some seven variations 
of this tube covering frequency ranges from 12.0 to 
17.0 kMe have been made primarily for radar ap- 
plications. One of these, the QK336, is capable of 
extremely rapid mechanical tuning. 

As the speed of aircraft increased and missiles 
came into use, the vibrations and accelerations to which 
the radar equipment was subjected increased accord- 
ingly. At the same time the requirement to detect and 
track these faster and smaller targets has necessitated 
greater local oscillator stability in high resolution (low 
noise) systems and in coherent systems for search, 
guidance and ‘‘homing’’ on a target. More rugged 
local oscillator klystrons have been designed extend- 
ing the use of a waveguide output arrangement down 
in frequency through and below ‘‘X”’ band in order 
to eliminate the thin (and easily vibrated) coupling 























Figure 6. Type 6316. Rugged “X” band oscillator with 





waveguide output, highly resistant to vibration and shock. 


loop and coaxial line center conductor. Massive sup- 
ports and adjustment screws are used to position the 
grids for capacitive tuning. These features have been 
embodied in sixteen Raytheon reflex klystrons mostly 
covering wide frequency bands in the range from 8500 
to 10,500Me. The type 6316 is typical of this design 
(see Figure 6). 

Further structural improvement is required for 
rugged, high temperature applications in missile and 
high speed aircraft radar. Replacement of relatively 
fragile, relatively low temperature glass seals with 
high strength, heat resistant ceramic to metal seals, is 
required and rugged grids rigidly fixed in position 
with respect to each 6ther are needed. One means of 
tuning such tubes is to use a low loss body with a 
high dielectric constant so made that it can be pushed 
into or retracted from the resonant cavity. The pres- 
ence of such a dielectric in the resonant circuit in- 
creases the electric flux and hence the effective capaci- 
tance. Another means of tuning is to couple an 
external resonant cavity very tightly to the internal 
resonator of the klystron so that the resonant fre- 
quency of the combination can be tuned by adjusting 
a rugged tuning screw in the external cavity. Both 
tuning methods have been devised to eliminate the 
thin, flexible cavity wall required when diaphragm 
tuning is used and to allow for the greatest rigidity 
in grid position, where a millionth of an inch dis- 
placement will cause more frequency shift than a 
modern radar system can tolerate. 


Reflex klystrons also have application in microwave 
communications systems and as signal generators in 
a wide variety of instrumentation type equipment. 
Reflex oscillator development to meet the special re- 
quirements of these applications and the needs of 
radar systems is continuing on tubes which will ‘em- 
body many advanced design features. 





Errata in May-June Issue 


Page 1l The figure given for pulse length should have 
read 0.05 microseconds, 


Page 13. Figure 1 showing Doppler Radar Antenna Beam 
Geometry is corrected here. 
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Rotating ball mills grind the raw ferrite material to 
insure homogeneity. 


at 1100°C. 





Raw materials are then calcined or reacted in kiln 


Ceramics for Elect 


Ceramics utilizes the knowledge of many areas of 
science, such as solid state chemistry, crystallography, 
mineralogy, physical chemistry and microscopy. It is 
the function of the ceramic engineer to work with ma- 
terials and, by understanding mechanisms of reaction, 
to develop new materials where natural ones do not 
exist. New advances in ceramics will have application 
in the field of electronics. At the present time, the 
interest in this field is so great that the American 
Ceramic Society has initiated a new Division entitled 
‘*Electronic Ceramics’’, so that a systematized scheme 
can be employed in reporting new developments to 
electronic designers and engineers. An increasingly 
large proportion of the recent research and develop- 
ment in ceramics is in materials for use in the elec- 
tronics industry. The magnitude of this effort is un- 
derstandable in view of the requirements of higher 
ambient temperatures dictated by missiles and jet 
aircraft. 

While it is true that many future advances may be 
expected through the proper utilization of ceramics, 
it is important to realize that a great deal has already 
been accomplished. This is attested to by the many 
successful applications of ceramics in the electronics 
field. Ceramic tubes and enamels, along with high 


Material removed from the calcine kiln has hard clinkers 
which are ground here by rotating hammers. 














“tronic Applications 


temperature insulation coatings for wire are obvious 
examples. Of equal or even greater importance are 
the improvements in dielectric materials for capac- 
itors and insulators and the introduction of ceramic 
ferromagnetic and ferroelectric materials typified by 
the ferrites and barium titanate, respectively. 

The foregoing applications span a wide range of 
irterests, but the ceramist always faces two main diffi- 
culties when it comes to dealing with the materials 
concerned. First, he has to determine how to fabricate 
a component from loose powder ; then, he must under- 
stand the chemical and structural changes involved 
in firing at high temperatures. The former is usually 
the easier of the two problems, but has to be solved 
so that normal production techniques may be em- 
ployed to fabricate the ceramic in order to keep costs 
and waste at a minimum and ensure reproducibility. 

Ceramic materials invariably start their processing 
as powders. These powders may be, for example, ox- 
ides, silicates or any other chemical or mineral ma- 
terials. They must be ground carefully to ensure a 
homogeneous distribution of particle sizes which will 
react together when heated. They may be formed by 
one of many different techniques: pressing as dry 


Ferrites are formed using this Raytheon extruder. 


powders, casting in a plaster mold as a slurry, extrud- 
ing, or hot pressing. The resulting bodies are then 
fired in kilns under controlled conditions. The para- 
meters involved in this operation include firing at- 
mosphere, rate of heating and cooling, maximum 
temperature and time at temperature. Because of the 
great deal of ware going into a kiln of large cross- 
section, exact temperature control is difficult. It is, 
therefore, advantageous to select compositions with a 
fairly broad firing range, i.e., a broad band of tem- 
peratures anywhere within which a successful firing 
may be accomplished. 

The solution to the above problem is not as simple 
as it may seem, since the material added to the orig- 
inal composition for the purpose of achieving a reason- 
able firing range may also detract from the desired 
electrical or mechanical properties of the ceramic. 
The compromises so familiar to the electronic or me- 
chanical engineer are thus frequently faced by the 
ceramist. The optimum combination of materials, and 
processing and firing techniques must be chosen to 
yield a reproducible and low cost body with the elec- 
trical, thermal, and mechanical properties specified by 
the design engineer. 


This large periodic electric kiln is used to fire ferrites 


to temperatures up to 1450°C. 
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Ferrites 


With this brief look at the ceramist’s problems, let 
us turn our attention to his accomplishments. It is 
perhaps fitting to begin with the ferrites, which occupy 
a unique place in electronics. Ferrites are materials 
that combine moderate magnetic permeability with 
high volume resistivity, a combination which finds ap- 
plication in many areas. They can be used in high 
quality coils and transformers of radio, television and 
tele-communication engineering, in antenna cores, in 
memory cores for digital computers, in magnetostric- 
tive filters and oscillators and in microwave devices 
such as phase shifters, isolators and circulators. 

Magnetite (Fet?O* Fe,tO,), a natural mineral, 
has to be accorded the honor of being the first ferrite, 
despite the fact that its electrical and magnetic prop- 
erties leave much to be desired. By substituting cer- 
tain other atoms for the divalent iron (Fet?), it is 
possible to preserve the basic crystal structure of mag- 
netite (the so-called ‘‘spinel’’ type) and obtain in- 
creased values of permeability and resistivity. The 
substitute atoms, which must be about the same diam- 
eter as the iron atom they replace include magnesium, 
manganese, nickel, cobalt, zinc, cadmium and copper. 
The properties of the resulting ferrites are dependent 
on the type and proportions of the substituted metal 
atoms and on their geometrical arrangement in the 
spinel structure. 

Table I is intended to present a very general idea 
of some of the possible atom substitutions in ferrites. 
It is not to be inferred that these are the only substi- 
tutions or applications, but rather ‘that this table is 
merely a sampling of ferrite usage. 














Table I 
Ferrite| Material Atoms Typical 
Class Substituted Application 

1 Nickel and zine Core for radio fre- 
quency 

2 Manganese and zine | Radio frequency com- 
ponents 

3 Nickel _ Microwave devices 
(high Curie tempera- 
ture) 





4 Barium and/or lead} Permanent magnets 





Manganese and mag-| Memory cores; micro- 








nesium wave devices 

6 Nickel and cobalt Microwave devices 
Aluminum and Microwave devices 
either nickel or mag- 
nesium 
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Figure 1. Typical ferromagnetic resonance curve. 


Raytheon’s strongest interest in this field has been 
in microwave ferrites, and classes 3, 5, 6, and 7 have 
been investigated thoroughly. For example, it is 
known that nickel ferrite has a very high Curie tem- 
perature, 600°C. This is the temperature above which 
the material loses its magnetic properties. However, 
when we consider using nickel ferrite in a device such 
as a resonance isolator, a low frequency limitation must 
be placed on the device because of the moderately 
large ferromagnetic resonance absorption region ex- 
hibited by the nickel ferrite (see Figure 1) . Reso- 
nance line width represents one of the most important 
considerations in the preparation of ferrite material 
for certain microwave devices, including the resonance 
isolator. Narrower line widths are required for satis- 
factory operation at the lower frequencies (1000-3000 
Mec). This objective may be attained through substi- 
tution of cobalt for some of the nickel in nickel ferrite. 
This addition, however, changes the reaction rate and 
ceramic properties of the ferrite and must thus be 
compensated for in processing and firing. Class 7 
ferrites have been used in devices which provide iso- 
lation with a 30:1 back-to-forward ratio at about 
1300Me, but the Curie temperature of this class of 
ferrites may be as low as 150°C. 


Ferrites offer the ceramist an opportunity to inves- 
tigate many solid state problems. Because of their 
very sensitive magnetic and electrical properties, it is 
possible to determine the degree and type of sintering 
reactions in ferrites through the medium of accurate 
electrical measurements. The problem of oxygen loss 
in ferrites at elevated temperatures may be studied by 
measuring the dissociation pressure of the ferrites at 
high temperatures and relating this data to the meas- 

















ured electrical conductivity. This information is vital 
in order to ensure high resistivities in the ferrites 
while optimizing their desirable magnetic properties. 
Research programs of the foregoing types are being 
earried out in the Research Division. 


Dielectric and Ferroelectric Ceramics 


Ceramic materials designed to have high dielectric 
strength and low dielectric losses have been in constant 
use in electrical applications since the early eighteenth 
century. Faraday was the first to make a systematized 
study of dielectric materials, which included glass and 
porcelain. The needs of present day electronics re- 
quire that exacting care and systemized study go into 
the designing and fabricating of dielectric materials. 
When employed in electrical capacitors, the ceramic 
materials must have a high dielectric constant, a low 
power factor and high electrical resistivity. The cera- 
mist must be able to choose his materials properly so 
that, for example, a Class I capacitor can be made that 
is temperature compensating with either positive or 
negative temperature coefficients. 

The compositions involved in ceramic dielectrics are 
extensive and varied. They include rutile (TiO.), 
steatite, zircon, porcelain, the niobates and titanates 
and the electrical porcelains and materials found in 
the triaxial blending of silica-alumina-magnesia 
(Si0,-Al.o03-MgO). 

For the purpose of discussion, one of the above com- 
positions may well be singled out, not only because of 
its importance as a dielectric, but also because it helps 
to lead us into our next class of materials, i.e., ferro- 
electrics. Barium titanate, BaTiO3, has a crystal 
structure (‘‘Perovskite’’) which changes with tem- 
perature. In the temperature range of 10°C to 120°C, 
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Figure 2. Dielectric constant and power factor plotted as a 
function of ambient temperature. 
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Development of new concepts of ferrite materials by high 
temperature thermodynamic research. 


BaTiOz is tetragonal, and exhibits high dielectric loss, 
spontaneous electrical polarization and a large dielec- 
tric constant (of the order of thousands) in the direc- 
tion of polarization. 

A hysteresis in the dielectric displacement D vs. the 
applied electric field E relation is also observed in this 
region. Because of the analogy to the hysteresis effect 
in ferromagnetic materials (magnetic induction B vs. 
magnetic field H relation), the term ferroelectric is 
applied to BaTiO,. Pursuing the analogy one step 
further, we look for and find a Curie temperature 
(120°C) at which point the crystal structure changes 
to cubic. Above this point, further heating results in 
a rapid decrease in both dielectric constant (which 
has a maximum value at the Curie temperature) and 
dielectric loss (see Figure 2). 

The Curie temperature of BaTiO; may be shifted 
up or down by the addition of the proper type of 
atom. Additions of lead raise the Curie temperature, 
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Figure 1. Typical ferromagnetic resonance curve. 


Raytheon’s strongest interest in this field has been 
in microwave ferrites, and classes 3, 5, 6, and 7 have 
been investigated thoroughly. For example, it is 
known that nickel ferrite has a very high Curie tem- 
perature, 600°C. This is the temperature above which 
the material loses its magnetie properties. However, 
when we consider using nickel ferrite in a device sueh 
as a resonance isolator, a low frequency limitation must 
be placed on the device because of the moderately 
large ferromagnetic resonance absorption region ex- 
hibited by the nickel ferrite (see Figure 1) . Reso- 
nance line width represents one of the most important 
considerations in the preparation of ferrite material 
for certain microwave devices, including the resonance 
isolator. Narrower line widths are required for satis- 
factory operation at the lower frequencies (1000-3000 
Me). This objective may be attained through substi- 
tution of cobalt for some of the nickel in nickel ferrite. 
This addition, however, changes the reaction rate and 
ceramic properties of the ferrite and must thus be 
compensated for in processing and firing. Class 7 
ferrites have been used in devices which provide iso- 
lation with a 30:1 back-to-forward ratio at about 
1300Me, but the Curie temperature of this class of 
ferrites may be as low as 150°C. 


Ferrites offer the ceramist an opportunity to inves- 
tigate many solid state problems. Because of their 
very sensitive magnetic and electrical properties, it is 
possible to determine the degree and type of sintering 
reactions in ferrites through the medium of accurate 
electrical measurements. The problem of oxygen loss 
in ferrites at elevated temperatures may be studied by 
measuring the dissociation pressure of the ferrites at 
high temperatures and relating this data to the meas- 





ured electrical conductivity. This information is vital 
in order to ensure high resistivities in the ferrites 
while optimizing their desirable magnetic properties. 
Research programs of the foregoing types are being 
carried out in the Research Division. 


Dielectric and Ferroelectric Ceramics 


Ceramic materials designed to have high dielectric 
strength and low dielectric losses have been in constant 
use in electrical applications since the early eighteenth 
century. Faraday was the first to make a systematized 
study of dielectric materials, which included glass and 
porcelain. The needs of present day electronics re- 
quire that exacting care and systemized study go into 
the designing and fabricating of dielectric materials. 
When employed in electrical capacitors, the ceramic 
materials must have a high dielectric constant, a low 
power factor and high electrical resistivity. The cera- 
mist must be able to choose his materials properly so 
that, for example, a Class I capacitor can be made that 
is temperature compensating with either positive or 
negative temperature coefficients. 

The compositions involved in ceramic dielectrics are 
extensive and varied. They inelude rutile (TiO«s), 
steatite, zireon, porcelain, the niobates and titanates 
and the electrical porcelains and materials found in 
the triaxial blending of silica-alumina-magnesia 
(SiOs-AlsO-MeO). 

For the purpose of discussion, one of the above com- 
positions may well be singled out, not only because of 
its importance as a dielectric, but also because it helps 
to lead us into our next class of materials, i.e., ferro- 
electrics. Barium titanate, BaTiO,, has a erystal 
strueture (‘‘Perovskite’’) which changes with tem- 
perature. In the temperature range of 10°C to 120°C, 





Figure 2. Dielectric constant and power factor plotted as a 
function of ambient temperature. 






































Development of new concepts of ferrite materials by high 
temperature thermodynamic research. 


3aTiO~» is tetragonal, and exhibits high dielectric loss, 
spontaneous electrical polarization and a large dielec- 
tric constant (of the order of thousands) in the diree- 
tion of polarization. 

A hysteresis in the dielectrie displacement D vs. the 
applied electric field E relation is also observed in this 
region. Because of the analogy to the hysteresis effect 
in ferromagnetic materials (magnetic induction B vs. 
magnetic field H relation), the term ferroelectric is 
applied to BaTiO,. Pursuing the analogy one step 
further, we look for and find a Curie temperature 
(120°C) at which point the crystal structure changes 
to cubic. Above this point, further heating results in 
a rapid decrease in both dielectric constant (which 
has a maximum value at the Curie temperature) and 
dielectric loss (see Figure 2). 

The Curie temperature of BaTiO, may be shifted 
up or down by the addition of the proper type of 
atom. Additions of lead raise the Curie temperature, 











while nearly every other additive lowers the Curie 
temperature. Strontium titanate when added to bar- 
ium titanate forms a_ solid solution, and uniform 
substitution of strontium for barium enables Curie 
temperatures ranging from —230°C to 120°C to be 
obtained. 

At this point, it may be seen that the same basic 
material may be used in two entirely different applica- 
tions. By working above the Curie temperature, we 
have available a material with high dielectric constant 
and low loss, in other words an ideal dielectric for 
capacitors. The value of this application is enhanced 
by the fact that ceramic processing techniques make 
it possible to obtain thin sheets of the titanate ma- 
terial, leading to large values of capacitance in a small 
size. Furthermore, by judicious selection of the Curie 
temperature and the shape of the dielectrie constant 
vs. temperature relationship, stable operation of the 
capacitor is made possible at high temperatures. It 
should also be pointed out that the frequeney char- 
acteristics of these dielectrics are such that their use 
in microwave devices is a definite. possibility. 

At temperatures below the Curie temperature, 
aTIOn has many ferroelectrie applications, the most 
popular of which are as non-linear circuit elements, 
and as piezoelectric elements to replace Rochelle salt 
and quartz in sonie and ultrasonic transducers, where 
mechanical strength, water resistance and low cost of 
BaTiO. present obvious advantages. 

Other ferroelectric materials such as the tantalates, 
stannates and niobates have properties of interest such 
as higher Curie temperatures and higher dielectric 
constants. The expense of these materials and the 
difficulties in manufacture have made their applica- 
tion only of limited value, however. The ferroeleetric 
materials which look most promising now are the lead 
zirconate-lead titanate mixtures. These exhibit higher 
Curie temperatures than BaTiO., and higher piezo- 
electric coupling coefficients (greater mechanical dis- 
placement per applied electric field). 

A study of materials for electronie applications will 
show that ceramics can be employed in more diverse 
applications than they have been in the past. From 
the entire field of high temperature circuitry to spe- 
cific devices such as radomes, a wide area of research 
and development is open to the ceramist who is look- 
ing to the future. There is even room for new concepts 
such as ductile ceramics and pre-stressed ceramies to 
he evaluated, well in keeping with the requirements 


of our space-conscious age, 
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Introduction 


From a legal standpoint, Fathometer® is 
the registered trademark of echo depth find- 
ing equipment now manufactured by Ray- 
theon and previously by the Submarine 
Signal Company. This relation between the 
name and the device is of more than passing 
interest. Our friends of the Law Department 
have worked hard over the years to prevent 
this well-established name from being lost to 
Raytheon’s exclusive use in the limbo of a 
generic term for all such devices. 

The tendency for confusion between the 
trade name and the device is entirely logical, 
since both arrived on the maritime scene 
simultaneously, and the Fathometer was for 
many years the only echo depth finding 
device. It holds a senior position among our 
current products, having a continuous his- 
tory of nearly 35 years. During this period, 
development of the Fathometer has resulted 
from many original contributions by Ray- 
theon and its predecessors as well as the in- 
corporation of advances made in the allied 
arts involved. 
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The Evolution of a Product 


Starting in 1901, the Submarine Signal Company 
had developed and produced a complete coastal naviga- 
tional system, based on submarine signals, which 
gained world wide acceptance and usage. The system 
involved the transmission of powerful underwater 
signals from lightships and other fixed coastal stations 
and the use of hydrophones, or underwater micro- 
phones, as receivers on the equipped vessels. With 
this system the equipped vessels could detect when 
they were in the area of a coastal station and could 
determine the direction of the station. The informa- 
tion could be obtained in weather which prevented 
visual sightings and generally could be accomplished 
at significantly longer ranges and with greater re- 
liability than air-borne fog signals. 

The loss of the Titanic in 1912, after it struck an 
iceberg, stimulated intensive work to see whether 
submarine signals could be utilized to detect such free 
floating objects which constituted a real menace to 
navigation. In 1914 the company conducted experi- 
ments on the United States Revenue Cutter Miami 
during International Ice Patrol off the Grand Banks. 
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These experiments proved that powerful sounds pro- 
duced underwater could generate usable echoes from 
icebergs. Additional echoes were also observed which 
could not be correlated with the observed positions 
of the icebergs and these were determined to have been 
eaused by reflections from the ocean bottom. (The low 
frequencies employed in these experiments yielded 
virtually no directional sense. ) 

Thus the principal components and principles for 
echo distance measuring had been worked out as long 
ago as 1914. However, one major problem remained 
to be solved before a practical depth sounder could 
be developed. The velocity of sound in water is ap- 
proximately 4,800 feet per second so that observation 
of bottom echoes in the useful range between 1 and 
100 fathoms (6 to 600 feet) involves measurement of 
transit time in the range of 2 to 250 milliseconds. 
Cathode ray oscilloscopes were not yet available and 
stop watches could only be used for measurement near 
the upper limit of the desired range. 

The missing link was supplied in the form of an 
ingenious invention which remains as the principal 
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while nearly every other additive lowers the Curie 
temperature. Strontium titanate when added to bar- 
ium titanate forms a solid solution, and uniform 
substitution of strontium for barium enables Curie 
temperatures ranging from —230°C to 120°C to be 
obtained. 

At this point, it may be seen that the same basic 
material may be used in two entirely different applica- 
tions. By working above the Curie temperature, we 
have available a material with high dielectric constant 
and low loss, in other words an ideal dielectric for 
capacitors. The value of this application is enhanced 
by the fact that ceramic processing techniques make 
it possible to obtain thin sheets of the titanate ma- 
terial, leading to large values of capacitance in a small 
size. Furthermore, by judicious selection of the Curie 
temperature and the shape of the dielectric constant 
vs. temperature relationship, stable operation of the 
capacitor is made possible at high temperatures. It 
should also be pointed out that the frequency char- 
acteristics of these dielectrics are such that their use 
in microwave devices is a definite. possibility. 

At temperatures below the Curie temperature, 
BaTiO; has many ferroelectric applications, the most 
popular of which are as non-linear circuit elements, 
and as piezoelectric elements to replace Rochelle salt 
and quartz in sonic and ultrasonic transducers, where 
mechanical strength, water resistance and low cost of 
BaTiOsg present obvious advantages. 

Other ferroelectric materials such as the tantalates, 
stannates and niobates have properties of interest such 
as higher Curie temperatures and higher dielectric 
constants. The expense of these materials and the 
difficulties in manufacture have made their applica- 
tion only of limited value, however. The ferroelectric 
materials which look most promising now are the lead 
zirconate-lead titanate mixtures. These exhibit higher 
Curie temperatures than BaTiOz, and higher piezo- 
electric coupling coefficients (greater mechanical dis- 
placement per applied electric field). 


A study of materials for electronic applications will 
show that ceramics can be employed in more diverse 
applications than they have been in the past. From 
the entire field of high temperature circuitry to spe- 
cific devices such as radomes, a wide area of research 
and development is open to the ceramist who is look- 
ing to the future. There is even room for new concepts 
such as ductile ceramics and pre-stressed ceramics to 
be evaluated, well in keeping with the requirements 
of our space-conscious age. 
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From a legal standpoint, Fathometer® is 
the registered trademark of echo depth find- 
ing equipment now manufactured by Ray- 
theon and previously by the Submarine 
Signal Company. This relation between the 
namie.and the device is of more than passing 
interest. Our friends of the Law Department 
have worked hard over the years to prevent 
this well-established name from being lost to 
Raytheon’s exclusive use in the limbo of a 
generic term for all such devices. 

The tendency for confusion between the 
trade name and the device is entirely logical, 
since both arrived on the maritime scene 
simultaneously, and the Fathometer was for 
many years the only echo depth finding 
device. It holds a senior position among our 
current products, having a continuous his- 
tory of nearly 35 years. During this period, 
development of the Fathometer has resulted 
from many original contributions by Ray- 
theon and its predecessors as well as the in- 
corporation of advances made in the allied 
arts involved. 
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United States Revenue Cutter Miami. 


The Evolution of a Product 


Starting in 1901, the Submarine Signal Company 
had developed and produced a complete coastal naviga- 
tional system, based on submarine signals, which 
gained world wide acceptance and usage. The system 
involved the transmission of powerful underwater 
signals from lightships and other fixed coastal stations 
and the use of hydrophones, or underwater micro- 
phones, as receivers on the equipped vessels. With 
this system the equipped vessels could detect when 
they were in the area of a coastal station and could 
determine the direction of the station. The informa- 
tion could be obtained in weather which prevented 
visual sightings and generally could be accomplished 
at significantly longer ranges and with greater re- 
liability than air-borne fog signals. 

The loss of the Titanic in 1912, after it struck an 
iceberg, stimulated intensive work to see whether 
submarine signals could be utilized to detect such free 
floating objects which constituted a real menace to 
navigation. In 1914 the company conducted experi- 
ments on the United States Revenue Cutter Miami 
during International Ice Patrol off the Grand Banks. 


These experiments proved that powerful sounds pro- 
duced underwater could generate usable echoes from 
icebergs. Additional echoes were also observed which 
could not be correlated with the observed positions 
of the icebergs and these were determined to have been 
caused by reflections from the ocean bottom, (The low 
frequencies employed in these experiments yielded 
virtually no directional sense.) 

Thus the principal components and principles for 
echo distance measuring had been worked out as long 
ago as 1914. However, one major problem remained 
to be solved before a practical depth sounder could 
be developed. The velocity of sound in water is ap- 
proximately 4,800 feet per second so that observation 
of bottom echoes in the useful range between 1 and 
100 fathoms (6 to 600 feet) involves measurement of 
transit time in the range of 2 to 250 milliseconds. 
Cathode ray oscilloscopes were not yet available and 
stop watches could only be used for measurement near 
the upper limit of the desired range. 

The missing link was supplied in the form of an 
ingenious invention which remains as the principal 








time measuring device in use for this purpose today. 
The invention consists of the combination of a disc 
or arm, motor driven at constant speed, near the rim 
of which is mounted a gaseous tube, usually contain- 
ing neon. The neon indicator tube rotates with the 
dise adjacent to a fixed circular scale which is eali- 
brated directly in depth on the basis of the known 
velocity of sound and the speed of the disc. As the 
dise passes the zero mark, a set of contacts is actuated 
to cause a signal to be transmitted toward the bottom. 
The returning echo is suitably amplified and causes 
the neon bulb to flash briefly opposite the appropriate 
seale position. 

The first Fathometer was installed on the SS. 
Lydonia of the U. S. Coast and Geodetic Survey in 
1924. This equipment was a direct outgrowth of the 
earlier signalling apparatus. The transmitter or drive 
was a motor-generator running from the ship’s D.C. 
line and producing an A.C. output of 525 cycles and 
about 600 volt amperes capacity. This was keyed in 
the generator output by the indicator contacts and 
energized an electromagnetic transducer or oscillator 
to produce a short pulse of underwater sound at 1050 
cycles. The receiving transducer or hydrophone was 
a carbon button microphone mounted in an opening 
in the ship’s hull. 

The output of the hydrophone was amplified in a 
‘filter box’’ which was a 3-stage transformer-coupled 
amplifier followed by a grid leak detector, all tubes 
being the new type UV-201A. .The plate circuit of 








Left — Impact oscillator of early Fathometer equipment. 


Right — Transducer of Model DE-122. 
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A typical early Fathometer installation. 


the detector actuated a sensitive relay which inter- 
rupted the current in a transformer feeding the neon 
lamp or red light. A second or deep mode of operation 
was available for depths in excess of 100 fathoms. 
In this mode, the indicator was slowed down and a 
fixed white incandescent lamp on the disc was used 
as the scale reference. Echoes were received directly 
from the hydrophones into a pair of headphones and 
the position of the white light could be simultaneously 
noted since it was only turning at about 40 R.P.M. 
The indicator timing disc was driven by a D.C. motor 
directly from the ship’s line. Accurate speed was ob- 
tained by manual adjustment of the armature current 
while monitoring the commutator ripple on a mag- 
netically driven reed type frequency meter. 
Significant developments followed fairly rapidly 
over the years to simplify and improve the major 
functional elements of the early equipment. The trans- 
mitting system was radically altered from a keyed 
CW oscillator to an electromagnetic impact oscillator. 
This device consisted of a cylindrical hammer driven 
against a steel diaphragm by a heavy coil spring. 
After each transmitting blow the hammer was raised 
against the spring by a solenoid, with the current in 
the solenoid being controlled by a series of cam-ac- 
tuated contacts in the indicator. This impact oscillator 
was used in conjunction with carbon button micro- 
phone receivers for depths of 130 fathoms or less, 
while deeper operation still required the CW system. 
The latter permitted the use of tuned diaphragms 
in the receiving hydrophones which yielded the ad- 
vantage of a high mechanical ‘‘Q.’’ In another varia- 
tion on the receiving side, possibly in an effort to get 
rid of the new-fangled electronics, a so-called hydro- 
phonic relay was developed. These relays consisted 
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of a pair of platinum contacts in a water-tight case. ing at a frequency of about 21 kilocycles. Two of 


| One of the contacts was mounted on a diaphragm these units were used, each consisting of a stack of 
| while the other contact was held on the first by gravity: thin nickel laminations having windows through which 
| Bottom echoes from the impact oscillator had sufficient the windings were threaded. The transmission was 
| amplitude to momentarily open the contacts and ac- accomplished by the discharge of a capacitor through 
tuate the neon indicator light directly through another the windings of the transmitting unit which resulted 
relay. in a sharply damped acoustic signal. The discharge 
The desirability of some means of continuously and was controlled directly by contacts or by specially 
| permanently recording the depth information be- designed argon discharge tubes. A similar separate 
came apparent at an early stage of the development. transducer of higher impedance was used as the re- 
About 1930, recorders first came into general use. ceiver and its output was fed to a tuned amplifier for 
In these units the recording mechanism was coupled operation of the rotating neon indicator light. Not 
mechanically to the timing disc of the associated depth the least of the advantages of ultrasonic operation 
indicator. An arm was made to rotate at uniform was the elimination of the hammer blows of the im- 
speed across a wax-coated recording paper. A small pact oscillator which could be annoyingly audible to 
spring-loaded stylus and solenoid were mounted on people in nearby sections of a ship. 
the arm. The stylus was normally held just clear of Since the end of World War II several changes 
the paper by the solenoid. Echoes would cause the have been made in our depth sounders, partly as a 
solenoid to be de-energized briefly, and the spring- result of the greatly increased research and develop- 
loaded stylus would thereupon scratch away the white ment effort sponsored by the Navy in the general field | 
wax coating and expose the red paper base. By of Sonar. Transducers were changed from magneto- 
feeding the paper at a suitable rate the bottom con- striction to the more sensitive and lower Q crystal 
tour could be developed as a succession of such marks types, first Rochelle salt and most recently barium 
normal to the transport of the paper. Subsequent titanate. With these transducers it was found prac- 
development of electrosensitive paper for facsimile tical to combine the transmitting and receiving func- 
equipment permitted the application of amplified tions in a single unit. The driver or transmitter was 
signals directly to the stylus. In this method a thin changed to CW Pulse instead of capacitor discharge 
white coating on the paper is burned away by the for use with the crystal transducers. With simpli- 
electric discharge and exposes a black carbon base, fication and reduced power requirements, 60 cycle 
All present Fathometer recorders use this technique. vibrator power supplies became the basic source of 
A significant step toward the modern version of the frequency controlled A.C. for use with synchronous 
Fathometer was taken in the mid-thirties with the motors in the timing system. All of the recording 
introduction of magnetostrictive transducers operat- models were changed from a rotary arm design, which 
Submarine Signal Company equipment in use on microphones on the hull. The map shows the 
a merchant vessel about 1910. Midshipman, using areas off the coast of the United States where the 
binaural telephone receivers, is listening to the submarine bells were located. 
sound of a submarine bell picked up by a pair of 
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involves some scale distortion, to belt driven stylii 
arranged to produce depth records in linear rec- 
tangular coordinates of depth vs time. 

Interest in depth sounding equipment for small 
boats and shallower ranges permitted the use of still 
higher operating frequencies. This change resulted 
in a substantial reduction in transducer size as well 
as improved performance from the standpoint of 
directivity or gain in the transducer pattern. Lower 
requirements for radiated power and receiving sen- 
sitivity permitted further simplification in the elec- 
tronics to the point where a complete depth sounder, 
such as our Model DE-122, weighs a total of only 
10 pounds and requires less than 15 watts from the 
ship’s supply. By contrast, the earlier systems em- 
ploying impact oscillators weighed over 500 pounds 
and required more than 400 watts from the ship’s 
supply. While these two equipments do not perform 
entirely comparable depth sounding jobs, the com- 
parable modern equipment has been reduced to ap- 
proximately one tenth the weight and power required 
for the old systems. 


Design Consideration for Echo Depth Sounding 


In the design of echo depth sounding equipment 
for a desired range of operation there are many factors 
to be considered. Some are common to any pulsed echo 
distance measuring system, including radar, while 
others are peculiar to the water medium in which we 
work. Variations in the topography and compositién 
of the reflecting bottom must also be considered as 


Model DE-122 Holiday Fathometer. 
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well as a wide variety of factors associated with the 
class of vessel on which the equipment is to be used. 

The basic parameters of transmitted power, fre- 
quency, beam pattern, pulse length, band width, and 
receiver sensitivity will sound familiar to all who work 
with radar. However, the propagation velocity must 
be scaled down by a factor of 200,000 and the fre- 
quencies are in kilocycles rather than megacycles or 
kilomegacycles. It is interesting to note that the 
combination of these factors results in entirely com- 
parable wavelengths and associated beam-forming 
problems as between Sonar at 50 K.C. and X-band 
Radar. 

The operating frequency of a depth sounder is 
generally made as high as practicable in order to 
minimize the transducer size and installation prob- 
lems for a given beam pattern. The use of the highest 
possible frequency has an additional advantage in that 
the characteristic background noise of both the ship 
and the ocean falls off rapidly with increasing fre- 
quency, the former being generally of considerably 
greater magnitude than the latter. 

The practical upper limit of frequency is determined 
by consideration of the attenuation loss for the max- 
imum depth range. This attenuation loss, which must 
be added to the normal square law spreading loss, is 
approximately proportional to the square of the fre- 
quency and can attain prohibitive values. A plot 
of the combined propagation loss is shown as a fune- 
tion of depth in Figure 1 for various frequencies. 
An additional variable for computation of overall loss 
is the reflection characteristic of the bottom. This 
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can vary by 20 to 30 db and has a minimum loss over 
rock or hard sand bottom. Soft bottoms of silt or 
decayed vegetation are excellent sound absorbers and 
yield the maximum loss figures which must be ac- 
commodated. 

Transmitted power in our current depth sounders 
ranges from a few watts to approximately 100 watts 
during the pulse. The power required is dependent 
primarily on the depth range and transmitting re- 
sponse of the transducer, which includes its direc- 
tivity or gain. The pulse length on shallow ranges 
is kept short (0.1 millisec) for good minimum depth 
disermination. On the deeper ranges it is generally 
lengthened roughly in proportion to the depth for 
two reasons. First, this permits the sound to spread 
on the bottom so as to produce echoes which are the 
integrated sum of all bottom elements within the main 
lobe of the transducer pattern. Second, a long pulse 
improves the probability of overcoming the statistical 
variations associated with a long transmission path 
and complex cancellation patterns in the echoes from 
an irregular bottom. 

The main axis of the transducer beam is fixed to 
radiate vertically relative to the ship’s waterline. 
While this simplifies the requirements as contrasted 
with a direction finding system, certain additional 
precautions are necessary. As previously mentioned, 
the principal noise background is associated with the 
ship itself. This noise comes partly from the ma- 
chinery, including the propellers, and partly from 
the motion of the ship through the water, particularly 
in rough seas. Most of these sourees lie roughly along 
the fore and aft axis of the ship, therefore the max- 
imum discrimnation, preferably nulls in the pattern, 
should be obtained in this axis. Since the transducer 
must be rigidly attached to the hull, which may be 
a good sound conductor such as steel, necessary pre- 
cautions must be taken in mounting the active element 
to minimize pick-up due to structure-borne noise. 

At the relatively low frequencies of 20 and 40 K.C. 
used for the deeper equipment, the beams are kept 
fairly wide to accommodate pitch and roll of the vessel. 
For this purpose a rectangular element is normally 
used with its long axis in the fore and aft line. These 
transducers have a total beam width of approximately 
40° in the thwartship plane and 20° in the fore and 
aft plane, both taken between the —3db points. Trans- 
ducers for shallow equipment operate at 200 K.C. and 
are designed to have a conical beam approximately 
6° wide. This narrow beam width permits detailed 
examination of the bottom as is necessary for survey 
work and navigation in confined coastal waters. Re- 
cent work at this frequency in shallow depths has 
shown that good echoes can be received from a wide 
variety of bottoms at incident angles up to 30° or 
more from the vertical. While some depth error is 
introduced at large angles, this error is a function 


of the cosine of the angle and is generally small for 
roll and pitch under reasonable sea conditions. 


Current Depth Sounding Equipment 


Our present line of Fathometers is composed of 8 
basic models, divided evenly between recording and 
indicating types. For ocean-going ships and large 
fishing vessels the Models DE-102 and DE-103 pro- 
vide visual and recorded indications, respectively up 
(or preferably down) to 600 fathoms. The operating 
frequency is at 21K.C. using oil-filled Rochelle salt 
transducers. 

The Models DE-121, DE-116 and DE-701 cover in- 
termediate depth ranges and are designed primarily to 
meet the needs of a wide variety of commercial fishing 
vessels and large yachts. All of these equipments 
operate at 40K.C. and utilize plastic encapsulated 
Rochelle salt transducers adapted primarily for 
mounting on wooden hulls. 

The Model DE-122 HOLIDAY was designed spe- 
cifically for small yachts and fishermen who operate 
principally in the shallower coastal waters. This 
equipment is of the visual indicator type with a 
maximum range ot 120 feet and an operating fre- 
quency of 200K.C. The active element of the trans- 
ducer is a barium titanate disc which is housed in a 
faired casting with an integral hull entrance tube for 
simplified installation. 

Two special purpose equipments complete the line. 
The Model DE-111 MARK TWAIN was designed for 
use primarily by large towboats and other commercial 
vessels on the inland waterways. The equipment in- 
eludes a visual indicator with an 80 foot scale, and 
operates at 40K.C. with Rochelle salt transducers spe- 
cially adapted for mounting on river barges. The 
Model DE-119 is a completely self-contained portable 
depth recorder operating at 200 K.C. It has been 
widely used for detailed survey work from small open 
boats. The depth scale factor of 10 feet per inch, the 
portable transducer mounting and its ability to op- 
erate from a single 6 volt storage battery make it well 
adapted to this use. 


Future Equipment 


As in all our products, continuing effort is main- 
tained to incorporate new components and techniques 
where applicable. Printed circuitry is already in use, 
and work is in process on transistorized versions of 
the various equipments. Wider use of the newer 
ceramic materials for transducers is anticipated. 

New applications such as fish detection, geographic 
plotting, and analysis of the composition of the ocean 
bottom offer opportunities for useful additions to our 
present line. While the current developments in 
military Sonar have somewhat limited commercial 
application, this work is frequently reviewed for 
further possibilities. 
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involves some scale distortion, to belt driven stylii 
arranged to produce depth records in linear ree- 
tangular coordinates of depth vs time. 

Interest in depth sounding equipment for small 
boats and shallower ranges permitted the use of still 
higher operating frequencies. This change resulted 
in a substantial reduction in transducer size as well 
as improved performance from the standpoint of 
directivity or gain in the transducer pattern. Lower 
requirements for radiated power and receiving sen- 
sitivity permitted further simplification in the elec- 
tronics to the point where a complete depth sounder, 
such as our Model DE-122, weighs a total of only 
10 pounds and requires less than 15 watts from the 
ship’s supply. By contrast, the earlier systems em- 
ploying impact oscillators weighed over 500 pounds 
and required more than 400 watts from the ship’s 
supply. While these two equipments do not perform 
entirely comparable depth sounding jobs, the com- 
parable modern equipment has been reduced to ap- 
proximately one tenth the weight and power required 
for the old systems. 


Design Consideration for Echo Depth Sounding 


In the design of echo depth sounding equipment 
for a desired range of operation there are many factors 
to be considered. Some are common to any pulsed echo 
distance measuring system, including radar, while 
others are peculiar to the water medium in which we 
work. Variations in the topography and compositién 
of the reflecting bottom must also be considered as 
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well as a wide variety of factors associated with the 
class of vessel on which the equipment is to be used. 

The basic parameters of transmitted power, fre- 
quency, beam pattern, pulse length, band width, and 
receiver sensitivity will sound familiar to all who work 
with radar. However, the propagation velocity must 
be sealed down by a factor of 200,000 and the fre- 
quencies are in kilocyecles rather than megacycles or 
kilomegacyeles. It is interesting to note that the 
combination of these factors results in entirely com- 
parable wavelengths and associated beam-forming 
problems as between Sonar at 50 K.C. and X-band 
Radar. 

The operating frequency of a depth sounder is 
generally made as high as practicable in order to 
minimize the transducer size and installation prob- 
lems for a given beam pattern. The use of the highest 
possible frequency has an additional advantage in that 
the characteristic background noise of both the ship 
and the ocean falls off rapidly with increasing fre- 
quency, the former being generally of considerably 
greater magnitude than the latter. 

The practical upper limit of frequency is determined 
by consideration of the attenuation loss for the max- 
imum depth range. This attenuation loss, which must 
be added to the normal square law spreading loss, is 
approximately proportional to the square of the fre- 
queney and can attain prohibitive values. <A_ plot 
of the combined propagation loss is shown as a fune- 
tion of depth in Figure 1 for various frequencies. 
An additional variable for computation of overall loss 
is the reflection characteristic of the bottom. 
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ean vary by 20 to 30 db and has a minimum loss over 
rock or hard sand bottom. Soft bottoms of silt or 
decayed vegetation are excellent sound absorbers and 
yield the maximum loss figures which must be ae- 
commodated. 

Transmitted power in our current depth sounders 
ranges from a few watts to approximately 100 watts 
during the pulse. The power required is dependent 
primarily on the depth range and transmitting re- 
sponse of the transducer, which includes its direc- 
tivity or gain. The pulse length on shallow ranges 
is kept short (0.1 millisec) for good minimum depth 
disermination. On the deeper ranges it is generally 
lengthened roughly in proportion to the depth for 
two reasons. First, this permits the sound to spread 
on the bottom so as to produce echoes which are the 
integrated sum of all bottom elements within the main 
lobe of the transducer pattern. Second, a long pulse 
improves the probability of overcoming the statistical 
variations associated with a long transmission path 
and complex cancellation patterns in the echoes from 
an irregular bottom. 

The main axis of the transducer beam is fixed to 
radiate vertically relative to the ship’s waterline. 
While this simplifies the requirements as contrasted 
with a direction finding system, certain additional 
precautions are necessary. As previously mentioned, 
the principal noise background is associated with the 
ship itself. This noise comes partly from the ma- 
chinery, including the propellers, and partly from 
the motion of the ship through the water, particularly 
in rough seas. Most of these sourees lie roughly along 


the fore and aft axis of the ship, therefore the max- 
imum diserimnation, preferably nulls in the pattern, 
should be obtained in this axis. Since the transducer 
must be rigidly attached to the hull, which may be 
a good sound conductor such as steel, necessary pre- 
cautions must be taken in mounting the active element 
to minimize pick-up due to structure-borne noise. 

At the relatively low frequencies of 20 and 40 K.C. 
used for the deeper equipment, the beams are kept 
fairly wide to accommodate pitch and roll of the vessel. 
For this purpose a rectangular element is normally 
used with its long axis in the fore and aft line. These 
transducers have a total beam width of approximately 
40° in the thwartship plane and 20° in the fore and 
aft plane, both taken between the —3db points. Trans- 
ducers for shallow equipment operate at 200 K.C. and 
are designed to have a conical beam approximately 
6° wide. This narrow beam width permits detailed 
examination of the bottom as is necessary for survey 
work and navigation in confined coastal waters. Re- 
cent work at this frequency in shallow depths has 
shown that good echoes can be received from a wide 
variety of bottoms at incident angles up to 30° or 
more from the vertical. While some depth error is 
introduced at large angles, this error is a function 
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of the cosine of the angle and is generally small for 
roll and pitch under reasonable sea conditions. 


Current Depth Sounding Equipment 


Our present line of Fathometers is composed of 8 
basic models, divided evenly between recording and 
indicating types. For ocean-going ships and large 
fishing vessels the Models DE-102 and DE-103 pro- 
vide visual and recorded indications, respectively up 
(or preferably down) to 600 fathoms. The operating 
frequency is at 21K.C. using oil-filled Rochelle salt 
transducers. 

The Models DE-121, DE-116 and DE-701 cover in- 
termediate depth ranges and are designed primarily to 
meet the needs of a wide variety of commercial fishing 
vessels and large yachts. All of these equipments 
operate at 40K.C. and utilize plastic encapsulated 
Rochelle salt transducers adapted primarily for 
mounting on wooden hulls. 

The Model DE-122 HOLIDAY was designed spe- 
cifically for small yachts and fishermen who operate 
principally in the shallower coastal waters. This 
equipment is of the visual indicator type with a 
maximum range of 120 feet and an operating fre- 
quency of 200K.C. The active element of the trans- 
ducer is a barium titanate dise which is housed in a 
faired casting with an integral hull entrance tube for 
simplified installation. 

Two special purpose equipments complete the line. 
The Model DE-111 MARK TWAIN was designed for 
use primarily by large towboats and other commercial 
vessels on the inland waterways. The equipment in- 
cludes a visual indicator with an 80 foot seale, and 
operates at 40K.C. with Rochelle salt transducers spe- 
The 
Model DE-119 is a completely self-contained portable 
depth recorder operating at 200 K.C. It has been 
widely used for detailed survey work from small open 
boats. The depth scale factor of 10 feet per inch, the 
portable transducer mounting and its ability to op- 
erate from a single 6 volt storage battery make it well 
adapted to this use. 


cially adapted for mounting on river barges. 


Future Equipment 


As in all our products, continuing effort is main- 
tained to incorporate new components and techniques 
where applicable. Printed circuitry is already in use, 
and work is in process on transistorized versions of 

he various equipments. Wider use of the newer 
eramic materials for transducers is anticipated. 

New applications such as fish detection, geographic 
plotting, and analysis of the composition of the ocean 
bottom offer opportunities for useful additions to our 
present line. While the current developments in 
military Sonar have somewhat limited commercial 
application, this work is frequently reviewed for 
further possibilities. 








Acoustic Measurement of 


A need exists for a device which will accurately, 
continuously and automatically measure the rate of 
flow of rivers and streams. If the rate of flow and the 
contour of the river bed were known, the volumetric 
rate of flow could be computed from the flow velocity. 
Such information would be of great value in many 
fields including flood control, navigation, irrigation, 
bridge construction, and erosion control. 

Several methods of measuring’ river flow are used 
at present, and several other methods have been pro- 
posed. At present, the Price current meter is widely 
used. Basically this is a water wheel suspended in the 
river which rotates at a rate which is proportional to 
the river flow. 

The Price meter gives a single-point measurement. 
In order to obtain a measurement of the average flow 
velocity, it is necessary to measure the flow velocity 
at a large number of points across the river. In most 
applications, this is unsatisfactory since navigation 
must not be obstructed. An alternative is to assume 
that the flow velocity across the stream is constant. 
In almost all cases this assumption is invalid and in- 
troduces large errors. 

Another method which has been proposed involves 
the measurement of the rate of dispersion of radio- 
active elements released in the river. This method 
would involve a great deal of data analysis and would 
be very difficult to make automatic. 

The acoustic method seems to have the greatest po- 
tential as a solution to the problem of the measurement 
of river flow. Measurement by this method would 
vield a mean value of flow velocity. The measurement 

Raytheon has demonstrated its firm belief in the 
cooperative or so-called work-study education pro- 
grams by actively working with several colleges and 


universities, Approrimately 200 students are now 
Pp} i 


either in the study or work-at-Raytheon phases of such 
programs, 

It is with some pride that we publish this first 
“co-op” authored article, a paper that, in its original 
form, was also submitted to Northeastern University 
as part of the requirements for a Bachelor of Science 
de qree in Physic S. 
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could be made continuously and would in no way 
interfere with navigation. Electronic systems can be 
visualized by which the value of flow velocity is re- 
corded automatically, and which will operate unat- 
tended for long periods of time. 

Measuring river flow acoustically is not without 
problems and difficulties. Several variations of this 
method have been proposed and others are conceivable. 
Basically they all evolve from one simple fact: in a 
moving medium, the velocity of propagation of sound 
is greater in the direction in which the medium is 
moving than in the oppesite direction. We shall dis- 
cuss this principle and the various applications of it 
to the measurement of flow velocity. We shall also 
discuss the merits of each method and the problems 
which arise in each. 

The simplest system for measuring the flow velocity 
of a river acoustically is obvious. Consider two electro- 
acoustic transducers mounted as shown in Figure 1. 
The transducer at point A is a transmitter, and the 
transducer at point B is a receiver. The vector v 
represents the tlow velocity and the vector ¢ repre- 
sents the velocity of propagation of sound in still 
water. From the trigonometry of the figure, it is seen 
that the resultant velocity of sound from point A to 
point Bis: 


ce’ =e+v eos 6 (1) 
from which is found 
ce’ —<¢ 
oS (2) 
cos § 
Since ¢’ = D/T’, where D = distanee from A to B 
and T’ = travel time from A to B, v is a function of 


D, T’, 9, and ¢. The first three of these quantities 
are easily measurable. The main disadvantage of this 
The value of ¢ 
can be determined from a knowledge of water tem- 
perature, salinity and depth. These quantities, how- 
ever, are not necessarily constant. In the final system, 
besides measuring and recording T’, it would be nee- 


method is the dependency of v on ¢. 
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Figure 1 


essary to measure and record the temperature of the 
water and the salinity of the water (where applic- 
able), and a suitable correction factor would have to 
he applied to the results. 

Another method which overcomes the dependence 
The ar- 
rangement is the same as that described in the previous 


of v on @ has been proposed by Raytheon. 


method (Figure 1) with one important exception: the 
operation of the transducers is reciprocal, i.e. they are 
capable of both transmitting and receiving. 
Kor a wave being propagated i 
dium, we have the relation: 
A= c¢/f ' (3) 


. is the wavelength, ¢ is the velocity of propa- 


n a stationary me- 


where 7 
vation, and f is the frequency. Again, in a moving 
medium there will be two different values of the veloe- 
ity of propagation, one downstream (e’) and another 
upstream (c”). From the trigonometry of Figure 1, 
it is seen that the 
downstream : 

VV =c’/f,; =(e + v cos 0) /f; (4) 
upstream : 


resulting wavelengths are 


A” = 0" /fo = (ce — v cos 9) /fy (5) 
if a’ wal ” (Eqs. 4 and 5) are made equal by ad- 
justing f; and f., then the phase shifts of the signals 
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received at A and B will be the same. For this special 
case we may combine Eqs. (4) and (5) to yield 

f, — f. = Af = 2v cos 0/K, (6) 
where \’ =A” = K. 

Equation (6) shows why the method proposed by 
Raytheon for acoustic flow-metering is superior to the 
In Eq. (6), 
2 cos 6/K is a constant which can be evaluated with- 
out difficulty at any particular installation. Thus the 
flow velocity is directly proportional to the difference 
in frequency required to develop equal phase shifts 
for the two acoustic signals. 


first acoustic method which we discussed. 


This proportionality 
exists independent of c, the velocity of propagation of 
sound in still water. 

The sensitivity of a system based on Eq. (6) is pro- 
portional to n, the number of wavelengths between 
A and B. For as n increases, the phase shift (27n) 
also increases. As an illustration consider a site where 
D equals 300 feet. Let ¢ be 4800 feet per second, and 
let the frequency be 32 eps. Then d is 150 feet, and 
n is 2. The phase shift is 4x, or 720°. As a second 
case suppose the frequency is changed to 800 eps. 
Then A is 6 feet and n is 50. The phase shift for this 
ease is 100z, or 18,000°. In the first case, a change 
in phase shift of 1° is one part in 720, while in the 
second case, the same change‘in phase shift (1°) is 
one part in 18,000. 

It would seem then that n can be increased indefi- 
nitely as greater sensitivity is desired. However, it 
must be kept in mind that when measuring angles, 
an angle 2x, or any integral multiple of 2% gives an 
indication which is the same as an angle 0. Should 
the phase shift jump 27 or an integral multiple of 27 
the system would give no indication. Asn is increased, 
the change in v necessary to produce a given change 
in phase shift becomes smaller. Raytheon has devel- 
oped a circuit which prevents erroneous results aris- 
ing from such ambiguity. Three frequencies with a 
32:16:1 ratio are used with an automatic switching 
system. If the phase shift should change by a certain 
amount while operating at a higher frequency, the 
system will automatically switch over to a lower fre- 
quency and thus prevent ambiguous results. 

Raytheon has recently carried out a study program, 
sponsored by the U. S. Geological Service to deter- 
mine the feasibility of a system such as the one out- 
lined above. The purpose of the investigation was to 
determine if there would be sufficient phase stability 
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Acoustic Measurement of 


A need exists for a device which will accurately, 
continuously and automatically measure the rate of 
flow of rivers and streams. If the rate of flow and the 
contour of the river bed were known, the volumetric 
rate of flow could be computed from the flow velocity. 
Such information would be of great value in many 
fields including flood control, navigation, irrigation, 
bridge construction, and erosion control. 

Several methods of measuring’ river flow are used 
at present, and several other methods have been pro- 
posed. At present, the Price current meter is widely 
used. Basically this is a water wheel suspended in the 
river which rotates at a rate which is proportional to 
the river flow. 

The Price meter gives a single-point measurement. 
In order to obtain a measurement of the average flow 
velocity, it is necessary to measure the flow velocity 
at a large number of points across the river. In most 
applications, this is unsatisfactory since navigation 
must not be obstructed. An alternative is to assume 
that the flow velocity across the stream is constant. 
In almost all cases this assumption is invalid and in- 
troduces large errors. 

Another method which has been proposed involves 
the measurement of the rate of dispersion of radio- 
active elements released in the river. This method 
would involve a great deal of data analysis and would 
be very difficult to make automatic. 

The acoustic method seems to have the greatest po- 
tential as a solution to the problem of the measurement 
of river flow. Measurement by this method would 
yield a mean value of flow velocity. The measurement 





Raytheon has demonstrated its firm belief in the 
cooperative or so-called work-study education pro- 
grams by actively working with several colleges and 
universities. Approximately 200 students are now 
either in the study or work-at-Raytheon phases of such 
programs. 

It is with some pride that we publish this first 
“co-op” authored article, a paper that, in its original 
form, was also submitted to Northeastern University 
as part of the requirements for a Bachelor of Science 
degree in Physics. 
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could be made continuously and would in no way 
interfere with navigation. Electronic systems can be 
visualized by which the value of flow velocity is re- 
corded automatically, and which will operate unat- 
tended for long periods of time. 

Measuring river flow acoustically is not without 
problems and difficulties. Several variations of this 
method have been proposed and others are conceivable. 
Basically they all evolve from one simple fact: in a 
moving medium, the velocity of propagation of sound 
is greater in the direction in which the medium is 
moving than in the opposite direction. We shall dis- 
cuss this principle and the various applications of it 
to the measurement of flow velocity. We shall also 
discuss the merits of each method and the problems 
which arise in each. 

The simplest system for measuring the flow velocity 
of a river acoustically is obvious. Consider two electro- 
acoustic transducers mounted as shown in Figure 1. 
The transducer at point A is a transmitter, and the 
transducer at point B is a receiver. The vector v 
represents the flow velocity and the vector ¢ repre- 
sents the velocity of propagation of sound in still 
water. From the trigonometry of the figure, it is seen 
that the resultant velocity of sound from point A to 
point B is: 


ce’ =e+v cos 6 (1) 
from which is found 
e’—e 
v= ___. 2 
cos 6 (2) 


Since ce’ = D/T’, where D = distance from A to B 
and T’ = travel time from A to B, v is a function of 
D, T’, 0, and ec. The first three of these quantities 
are easily measurable. The main disadvantage of this 
method is the dependency of v on ec. The value of ¢ 
can be determined from a knowledge of water tem- 
perature, salinity and depth. These quantities, how- 
ever, are not necessarily constant. In the final system, 
besides measuring and recording T’, it would be nec- 
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essary to measure and record the temperature of the 
water and the salinity of the water (where applic- 
able), and a suitable correction factor would have to 
be applied to the results. 

Another method which overcomes the dependence 
of v on ¢ has been proposed by Raytheon. The ar- 
rangement is the same as that described in the previous 
method (Figure 1) with one important exception : the 
operation of the transducers is reciprocal, i.e. they are 
capable of both transmitting and receiving. 

For a wave being propagated in a stationary me- 
dium, we have the relation: 

A= e/f ? (3) 
where A is the wavelength, ¢ is the velocity of propa- 
gation, and f is the frequency. Again, in a moving 
medium there will be two different values of the veloc- 
ity of propagation, one downstream (c’) and another 
upstream (c”). From the trigonometry of Figure 1, 
it is seen that the resulting wavelengths are 
downstream : 

V =c’/f, =(e + v cos 6) /f, (4) 
upstream : 
A” =e" /f2 = (ce — v cos 9) /fe (5) 

If )’ and ” (Eqs. 4 and 5) are made equal by ad- 
justing f; and f,, then the phase shifts of the signals 


received at A and B will be the same. For this special 
case we may combine Eqs. (4) and (5) to yield 

f, — f, = Af = 2v cos 0/K, (6) 
where 4’ =)” = K. 

Equation (6) shows why the method proposed by 
Raytheon for acoustic flow-metering is superior to the 
first acoustic method which we discussed. In Eq. (6), 
2 cos 6/K is a constant which can be evaluated with- 
out difficulty at any particular installation. Thus the 
flow velocity is directly proportional to the difference 
in frequency required to develop equal phase shifts 
for the two acoustic signals. This proportionality 
exists independent of ¢, the velocity of propagation of 
sound in still water. 

The sensitivity of a system based on Eq. (6) is pro- 
portional to n, the number of wavelengths between 
A and B. For as n increases, the phase shift (2xn) 
also increases. As an illustration consider a site where 
D equals 300 feet. Let ¢ be 4800 feet per second, and 
let the frequency be 32 eps. Then A is 150 feet, and 
n is 2. The phase shift is 4x, or 720°. As a second 
case suppose the frequency is changed to 800 eps. 
Then A is 6 feet and n is 50. The phase shift for this 
ease is 100x, or 18,000°. In the first case, a change 
in phase shift of 1° is one part in 720, while in the 
second case, the same change‘in phase shift (1°) is 
one part in 18,000. 

It would seem then that n can be increased indefi- 
nitely as greater sensitivity is desired. However, it 
must be kept in mind that when measuring angles, 
an angle 2x, or any integral multiple of 2x gives an 
indication which is the same as an angle 0. Should 
the phase shift jump 2z or an integral multiple of 27 
the system would give no indication. As n is increased, 
the change in v necessary to produce a given change 
in phase shift becomes smaller. Raytheon has devel- 
oped a circuit which prevents erroneous results aris- 
ing from such ambiguity. Three frequencies with a 
32:16:1 ratio are used with an automatic switching 
system. If the phase shift should change by a certain 
amount while operating at a higher frequency, the 
system will automatically switch over to a lower fre- 
quency and thus prevent ambiguous results. 

Raytheon has recently carried out a study program, 
sponsored by the U. S. Geological Service to deter- 
mine the feasibility of a system such as the one out- 
lined above. The purpose of the investigation was to 
determine if there would be sufficient phase stability 











in the acoustic signal transmitted through water over 
distances comparable to those which would be en- 
countered at an actual flow-metering site. During the 
late summer and fall of 1957, field tests were con- 
ducted at the Boston Harbor, the Charles River Basin 
and the Connecticut River, using the Raytheon boat 
ALAN as a mobile laboratory facility. An analysis 
of the data taken in this study has shown the need 
for further improvements and modifications of the 
acoustic method described above. 

Although this system of flow-metering is indepen- 
dent of the velocity of propagation, it is necessary 
that c be constant at least during the time necessary 
to make one two-way transmission. In the course of 
the feasibility investigation, it was discovered that the 
value of ¢ can change quite rapidly due to shifting 
temperature gradients in the path of transmission. 

Another difficulty that was encountered in the field 
measurements was the fluctuation in intensity of the 
received acoustic signal. At times the received signal 
was quite stable. At other times, fluctuations of vary- 
ing frequency 
ducing the received signal to such an extent that no 
phase measurements could be made. The fluctuations 
could be partially accounted for by multipath inter- 
ference, refraction due to shifting thermal or salinity 
gradients, or aeration of the water by passing boats. 
Some of these disturbing factors may be eliminated 


and intensity occur, in some cases re- 


Raytheon test vessel M. V. Alan. 




















or significantly reduced by properly designed trans- 
ducers, accurately oriented, and rigidly mounted. 
Analysis of the test data at this point seems to indi- 
cate that the answer to the flow-metering problem 
lies in a further modification of the acoustic flow- 
metering method. 

Let us once more refer to Figure 1 and define the 
following additional relations: 
downstream ”% =)’f, = D/T’ 
upstream o” =i"f. =D/T” 


where T’ and T” are the transit times over the dis- 
tance D. Inserting these relations into Eq. (6) 

D(1/T’ — 1/T”) = 2v cos 6 (7) 
[D/(2 cos 6)](1/T’ —1/T”) . (8) 


we obtain 
and hencev == 





Figure 2 


D and 4 can be measured by standard surveying 
methods. All that remains to determine v is to meas- 
ure the transit times T’ and T” and put these values 
into Eq. (8). One more step is required to make this 
approach practical, considering that the magnitudes 
of transit time are quite small. As an example, if it 
were desired to obtain flow velocity of 0.01 ft./see. at 
a site where D is 200 feet and 4 is 20°, it would be 
necessary to measure time intervals as small as 0.01 
micro-seconds. 


After deckhouse in use for transducer tests. 
















This difficulty may be avoided by the following ap- 
proach: in’Eq. (8) we may substitute frequency for 
the reciprocal of time. As a result, we have: 

= [D/(2 cos 6) ] (f’—f”) = [D/(2 cos 6) | Af. (9) 

This relation can be used in a system wherein simul- 
taneous two-way transmission is used. (See Figure 2.) 
Instead of continuous wave transmission, pulses are 
used. When a pulse from A reaches B it triggers A 
and A emits another pulse. f’ is the pulse repetition 
rate of system A-B. System C-D operates similarly 
but yields a different pulse repetition rate (f”). The 
difference between these two frequencies (Af) is pro- 
portional to v (Kq. 9). 

Difficulties with a system of this type can arise be- 
cause of the small magnitudes involved. As an illus- 
trative example, consider the case mentioned above 
where 9 = 20°, D = 200 ft., ¢ is assumed to be a 
constant value of 4645 ft./sec., and it is desired to 
measure a flow velocity of 0.1 ft./sec. The resulting 


value of Af is 0.87 & 10-3 eps. For a one-second 
interval, this frequency difference is difficult or im- 
possible to measure. However, in an hour, this dif- 
ference amounts to 3.132 eycles. 

As a result of the information obtained in the feasi- 
bility investigation just recently concluded, an acous- 
tic flow-meter has been conceived incorporating the 
advantages of the system described above. The use 
of simultaneous two-way pulsed transmissions in this 
system will result in an equipment that can measure 
flow with a high degree of accuracy without being 
affected by changes in sound velocity in the medium. 
Although the system is only in the design stage it is 
felt that the resulting equipment will be simple and 
will more readily meet the requirements for a flow- 
meter that can be easily installed and be capable of 
long time trouble-free unattended operation in the 
field. 
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in the acoustic signal transmitted through water over 
distances comparable to those which would be en- 
countered at an actual flow-metering site. During the 
late summer and fall of 1957, field tests were con- 
ducted at the Boston Harbor, the Charles River Basin 
and the Connecticut River, using the Raytheon boat 
ALAN as a mobile laboratory facility. An analysis 
of the data taken in this study has shown the need 
for further improvements and modifications of the 
acoustic method deseribed above. 

Although this system of flow-metering is indepen- 
dent of the velocity of prepagation, it is necessary 
that ¢ be constant at least during the time necessary 
to make one two-way transmission. In the course of 
the feasibility investigation, it was discovered that the 
value of «© can change quite rapidly due to shifting 
temperature gradients in the path of transmission. 

Another difficulty that was encountered in the field 
measurements was the fluctuation in intensity of the 
received acoustic signal. At times the received signal 
was quite stable. At other times, fluctuations of vary- 
ing frequeney and intensity occur, in some cases re- 
ducing the received signal to such an extent that no 
phase measurements could be made. The fluctuations 
could be partially accounted for by multipath inter- 
ference, refraction due to shifting thermal or salinity 
eradients, or aeration of the water by passing boats. 
Some of these disturbing factors may be eliminated 


Raytheon test vessel M. V. Alan. 
















or significantly reduced by properly designed. trans- 
dueers, accurately oriented, and rigidly mounted. 
Analysis of the test data at this point seems to indi- 
cate that the answer to the flow-metering problem 
lies in a further modification of the acoustie flow- 
metering method. 

Let us once more refer to Figure 1 and define the 
following additional relations : 
downstream ¢ Af; / T° 
upstream e”=)"f. =D/T” 


where T’ and T” are the transit times over the dis- 


, 


tance D. Inserting these relations into Eq. (6) 
Dy 3 /T* _— 1 ‘aah 


and hence v = 


we obtain 2v cos 0 (7) 
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Figure 2 


D and 4 can be measured by standard surveying 
methods. All that remains to determine vy is to meas- 
ure the transit times T’ and T” and put these values 
into Eq. (8). One more step is required to make this 
approach practical, considering that the magnitudes 
of transit time are quite small. As an example, if it 
were desired to obtain flow velocity of 0.01 ft./see. at 
a site where D is 200 feet and 6 is 20°, it would be 
necessary to measure time intervals as small as 0.01 


micro-seconds. 


After deckhouse in use for transducer tests. 
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This difficulty may be avoided by the following ap- 
proach: in Eq. (8) we may substitute frequency for 
the reciprocal of time. As a result, we have: 

= [D/(2 cos 6) | (f’—f”) = [D/(2 cos 9) | Af.(9) 

This relation can be used in a system wherein simul- 
taneous two-way transmission is used. (See Figure 2.) 
Instead of continuous wave transmission, pulses are 
used. When a pulse from A reaches B it triggers A 
and A emits another pulse. f’ is the pulse repetition 
rate of system A-B. System C-D operates similarly 
but vields a different pulse repetition rate (f”). The 
difference between these two frequencies (Af) is pro- 
portional to v (Eq. 9 

Difficulties with a system of this type can arise be- 
cause of the small magnitudes involved. As an illus- 
trative example, consider the case mentioned above 
20°, D = 200 ft., ¢ is assumed to be a 
constant value of 4645 ft./see., and it is desired to 
measure a flow velocity of 0.1 ft./see. 


where 9 


The resulting 





value of Af is 0.87 & 107% eps. For a one-second 
interval, this frequeney difference is difficult or im- 
possible to measure. However, in an hour, this dif- 
ference amounts to 3.132 eveles. 

Asa result of the information obtained in the feasi- 
bility investigation just recently concluded, an acous- 
tic flow-neter has been conceived incorporating the 
advantages of the system deseribed above. The use 
of simultaneous two-way pulsed transmissions in this 
system will result in an equipment that ean measure 
flow with a high degree of accuracy without being 
affected by changes in sound velocity in the medium. 
Although the system is only in the design stage it is 
felt that the resulting equipment will be simple and 
will more readily meet the requirements for a flow- 
meter that can be easily installed and be capable 
long time trouble-free unattended operation in the 
field. 
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More than 70 Raytheon reflex-type klystrons for 


proved performance in thousands of installations. 


local oscillator, signal generator and transmitter 
applications. 

Raytheon produces more reflex klystrons than all 
other manufacturers in the world combined . . . one 
important reason why Raytheon klystrons have 


Equipment designers are welcome to call on our 
Application Engineer Service. Write for consoli- 
dated data booklet presenting comprehensive char- 
acteristics of the complete line of Raytheon klys- 
trons, magnetrons and special tubes. There is no 


established a matchless record for reliability and 


cost, or obligation. 


3 TYPICAL RAYTHEON REFLEX KLYSTRONS 


RK-5721 — Velocity variation 
oscillator designed for use with 
a coaxial cavity in CW or 
pulsed operation over the 4290 
to 11,000 Mc range for signal 
generator and special local 
oscillator applications. 


Heater Input @ 0.58 A 
Reflector Voltage Transit 
Rc te ee ee ee Ow oe ee 
Frequency Range . . 4290-8340 Mc 
DC Resonator input @ 20 mA. . . 1000 Vdc 
DC Reflector Voltage . . -50 to -625 V 
Electronic Tuning (Half 
Power) Frequency Change 
Reflector Modulation 
Sensitivity (8340 Mc) . 
Power Output (Average CW) 


12 Mc min 


0.1 Mc/voit 
. 160 mW 





RK-6116 — A ruggedized 
thermally tuned oscillator of 
the integral cavity type de- 
signed for CW operation in 
the 8500 to 9600 Mc range 
with an average power out- 
put of 30 mW. 


Heater Input@052A ...... 63V 
Tuner Heater Current. . . . . . . O.BOA 
Frequency Range 8500-9660 Mc 
Resonator Input@ 25mA ... . 300 Vdc 
Reflector Voltage (max. 

Po @ 8550 to 9660 Mc) . 
Thermal Tuning Time 

8500-9660 Mc ~~ 2 seconds 
Electronic Tuning Range @ 9080 Mc. . 100 Mc 
Power Output 

8500-9660 Mc 


-60 to -145 Vdc 


26 to 34 mw 


RAYTHEON MANUFACTURING COMPANY 








Microwave and Power Tube Division, Section PT-O0O, Waltham 54, Mass. 
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QK-422—A mechanically nad 
tuned velocity variation /*g—° 
oscillator designed for / 

CW operation in the 7125 2 « 


to 8125 Mc range in mi- 
crowave relay systems. 


Heater Input@ 44A ...... 6.3V 
Frequency Range . ; . 7125 to 8125 Mc 
DC Resonator input@ 32 mA... . 300 Vdc 
DC Reflector Voltage (max. 
Po @ 7125 to 8125 Mc) . 
Power Output 7125 to 
8125Mc ...... . . 100 mW min. 
Electronic Tuning (to half 
power points) @ 7600 Mc . 
Modulation Sensitivity 
@ 7600 Mc (10 V pk. to 
pk. mod. volt.) . ra 


, +130 to -210 Vde 


25 Mc min. 


-5 Mc/V min. 


Excellence 
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Regional Sales Offices: 9501 W. Grand Avenue, Franklin Park, Illinois. 5236 Santa Monica Blvd., Los Angeles 29, California 
Raytheon makes: Magnetrons and Klystrons, Backward Wave Oscillators, Traveling Wave Tubes, Storage Tubes, Power Tubes, Miniature and Sub-Miniature Tubes, 


Semiconductor Products, Ceramics and Ceramic Assemblies 














